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Preface

The microfluidic lab-on-a-chip has provided a platform to conduct chemical and
biochemical analysis in a miniaturized format. Miniaturized analysis has various
advantages such as fast analysis time, small reagent consumption, and less waste
generation. Moreover, it has the capability of integration, coupling to sample
preparation and further analysis.

The book is divided into several chapters which include micromachining
methods, microfluidic operations (microfluidic flow, sample introduction, sample
preconcentration), chemical separations, detection technology, and various chem-
ical and biochemical analysis (applications on cellular analysis, nucleic acid
analysis, and protein analysis). Emphasis will be placed on analytical applications
although the basic principles about micromachining and fluid flow and control
will also be covered only to the extent that their understanding will assist the
exploitation of the microfluidic technology on analytical applications.

This book is expanded from a book chapter published in Ewing’s Analytical
Instrumentation, edited by Jack Cazes, in 2005. However, the materials have been
reorganized to reflect state-of-the-art development. In addition, some errors
present in the previous book chapter have been corrected. Beginners in the field
should find this book useful to navigate the vast literature of the technology, while
experienced researchers will find the compiled information useful for easy com-
parison and references. Although some comparisons among different approaches
are made here, the readers should judge on the suitability of a certain technology
for their needs. Moreover, most citations refer to complete studies. Since the field
is expanding fast, the proceedings of dedicated conferences, such as Transducers,
micro total analysis system (WTAS), will also be cited to include the latest findings.

Many of the principles of “operations” on the chip are adapted from conven-
tional wisdom. This adaption not only results in the miniaturization advantage,
but also leads to enhanced effects because of favourable scaling down (e.g. plasma
emission detection and large DNA molecules separation) and even to scientific
discovery (e.g. single-cell study). However, the original citations of these theories
or principles, which have already been given in the original research articles, will
not be repeated here to avoid increasing the number of microchip references.
Therefore, the readers are encouraged to consult the original work from the
references cited.

The author is indebted to the following individuals without whom this book
could not have been realized: Xiujun Li (James) and Wei Xiao who have worked
on the references and figures; and Xiujun Li, Alice Koo, Margaret Wong, Maisy
Chow, and Wai Lan Chan (Faria), who prepared the text, and Wai Lan Chan
(Faria), who also proofread the manuscript.
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Introduction

A miniaturized gas chromatographic (GC) column with a thermal conductivity
detector (TCD) on silicon (Si) was first constructed in 1979 [1] and an HPLC
column with a conductometric detector was constructed on Si—Pyrex in 1990 [2].
The first demonstration of a liquid-based miniaturized chemical analysis system
was based on CE, and this appeared in 1992 [3]. In this work, CE separation of
calcein and fluorescein as detected by LIF was achieved on a glass chip with a
10-um-deep and 30-um-wide channel in 6 min. The success is attributed to the
use of electroosmotic flow (EOF) to pump reagents inside small capillaries which
could develop high pressure, preventing the use of HPLC. Since then, different
CE modes have been demonstrated and different analyses (i.e., cellular, oligonu-
cleotide, and protein analyses) have been achieved by numerous research groups,
as mentioned in subsequent sections. In this book, we focus on the microfluidic
lab-on-a-chip (coined in 1992) [582] which consists of the micromachined chan-
nels and chambers. Other important chip-based technology such as microarray
or microwells is beyond the scope of this book. Applications other than analysis,
such as chemical synthesis, which have been reviewed recently [4], are not
covered here either.

Recently, numerous review articles summarizing research performed in the
area of the microfluidic chip have been published [5,6]. Reviews on specific topics
have also appeared (see Table 1.1). Whereas these reviews summarize exciting
research and propose new directions, this book is focused on an overview of the
available technology, its limitations, and its breakthroughs over the years.

TABLE 1.1

Reviews on Microfluidic Chip Technology
Review Topics References

History 5,7-11

Miniaturization 5, 12-17, 19, 21, 31

UTAS 5,8, 11, 16, 18-25

Separation 6,9, 21, 26-34, 44, 46, 47, 53, 189

Clinical analysis 6, 35-40

Cellular analysis 6, 40-43, 73

Protein analysis 4,6, 42, 44-50

Nucleic acids analysis 6, 36, 42, 44, 45-47, 49, 51-59

Detector 6, 8, 44, 46, 53, 60-70

Sample introduction 6, 8, 10, 32, 65, 71

Microfabrication 5,7, 8, 26,42, 44, 72-78, 189

Microfluidic flow 5, 10, 18, 39, 52, 53, 79

Micropumps 5,8, 11, 18, 21, 23, 80-82

Microvalves 5,11, 18, 21, 23, 80-82

Micromixers 6, 11, 80






2 Micromachining
Methods

Micromachining methods, which include film deposition, photolithography, etch-
ing, access-hole drilling, and bonding of microchip, were first achieved on silicon
(Si) [3]. Thereafter, glass (Pyrex glass, soda lime glass, fused silica) was used as
the micromachining substrate. Recently, polymeric materials have become widely
used as substrates. The micromachining methods of these substrates differ and
are given in separate subsequent sections.

2.1 MICROMACHINING OF SILICON

The Si substrate was micromachined based on photolithography; see Figure 2.1
for the process steps of a standard one-mask Si-micromachining process [3]. After
photolithography, the exposed portions of photoresist were dissolved by a devel-
oper, and the remaining unexposed areas were hardened by heating (baking). The
exposed areas of the Si substrate were etched subsequently.

Meanwhile, a Pyrex glass plate was patterned with metal electrodes. Then
the Pyrex plate was bonded to the Si wafer using the anodic bonding process.
The etching, access-hole drilling, and bonding processes are described in more
detail in subsequent sections.

2.1.1 ETcHING OF SI MICROCHANNELS

Isotropic wet etch using HF-HNOj;, whose etch rate is independent of the etching
direction, has been employed to produce approximately rectangular grooves,
oriented in any direction on the Si <100> wafer, using thermal SiO, (~ 1 um
thick) as the etch mask [1].

Anisotropic etch, whose etch rate depends on the etching direction, can be
achieved using KOH on <100> Si or <110> Si. This method allows V-grooves
or vertical walls to be formed on the substrate. Apparently, the anisotropic etch
rate of Si at the <111> crystal plane was very small in comparison with the <100>
plane [827]. Therefore, the etch depth will be dependent on the opening width,
rather than the etch time. However, this method will produce the desired groove
profiles only if the groove lies along specific crystallographic axes on the wafer,
and certain shapes (square corner and circle) cannot easily be realized [1], except
by corner compensation [281].

In Figure 2.2, anisotropic KOH etch on <100> Si will produce a rectangular
cross section, if the channel is 45° relative to the wafer flat (A—A’, B-B’, and
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FIGURE 2.1 Process steps of a standard one-mask micromachining procedure to etch a
channel structure into silicon [3]. Reprinted with permission from Elsevier Science.

C-C’). But if the channel is perpendicular to the wafer flat (D-D’), a V-groove
cross section will result due to the slanted <111> planes that define the stop-etch
conditions [84].

Isopropyl alcohol (IPA) is sometimes added to KOH in order to reduce the
etchant surface tension. This in turn assists in releasing H, bubbles and in dis-
solving organic contaminants. So the addition of IPA avoids the micromask effect
and produces smoothly etched channels [303].

Anisotropic etch on Si can also be achieved by reactive ion etching (RIE),
which is a dry (plasma) etch process. In deep RIE, cyclic etch characteristics
could be produced on the etched wall [85,86].

Different etch methods used to produce microfluidic chips on Si are tabulated
in Table 2.1.
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FIGURE 2.2 Microstructures defined on a <100> silicon wafer for chemical separation.
Design I-cross-type separator; Design 1I-45° type separator [84]. Reprinted with permis-
sion from the Royal Society of Chemistry.

TABLE 2.1
Etching of Si Substrates

Etch Conditions

HF-HNO,

TMAH and water (1:4),

EDP

KOH with IPA

KOH

RIE
DRIE (SFg plasma)

Etch Results
Isotopic Wet Etch
Unspecified etch rate

Anisotropic Wet Etch
28 um in 30 min (90°C)
175 pum (~ 80°C)
100 pm/h
43 um in 100 min, 98°C
2.5 um/min, 115°C
Unspecified etch rate
~ 0.4 um/min10% IPA,76°C
3% IPA, 70°C
5% IPA, 60°C
380 um in 4-5 h, 85°C
~36 um/h, 70°C
17 um, 75°C
Unspecified etch rate

Anisotropic Dry Etch
Unspecified etch rate
5 um/min
2-3 wm/min
Unspecified etch rate

References

856
299
90, 390
1011
300
301
302
303
223
304
215
209

1, 213, 249, 305, 825

85, 307, 458, 459, 825
860

308, 309

847
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Since Si is a semiconductor, it is not electrically insulating. However, elec-
trical insulation (< 500 V) of Si can be provided by a film of SiO,/Si;N, (~ 200
nm) [304] or low-temperature oxide (LTO) [87]. It was found that insulation by
the SiO, film was better achieved by plasma deposition rather than by thermal
growth; a 13-um thick plasma-deposited SiO, film would withstand an operation
voltage of 10 kV [88,706]. For better insulating properties, glass (e.g., Pyrex,
fused silica), which sustains at least an electric field of 10° V/cm without dielectric
breakdown, is used.

After etching, access holes can be created on the Si substrate by wet etch-
through [1,89,90,281,306] or by drilling [442,495]. A two-mask process was also
used to create channel access holes on the Si wafers [90].

2.1.2 BoNDING OF Si CHIps

Anodic bonding of Si to Pyrex was commonly used to create a sealed Si chip
[1,281,442,820,836]. Various bonding conditions used are summarized in Table
2.2. A positive voltage is applied on the Si wafer with respect to that of the Pyrex
wafer (negative) [91,92,281].

If anodic bonding between glass and Si fails (due to a thick oxide layer [1
um] on Si or platinum electrode on Si), a low-melting spin-on-glass (SOG) can
be applied as an adhesive. SOG, which is a methylsilsesquioxane polymer, flows
very well at the temperature between 150°C and 210°C, and therefore it fills the
grooves (i.e., around the Pt electrodes) for effective bonding [93].

Bonding of Si to glass was also achieved using UV-curable optical adhesives.
Benzocyclobutene has been used to bond Si and Pyrex [94-99,942].

TABLE 2.2
Various Conditions of Anodic Bonding of Si and Pyrex Plates
Temperature Voltage References
200-300°C 200-400 V 91
350°C 1100 V 2-5 min 304

700 V (under N, at atmosphere pressure) 310
375°C 1000-1500 V for 30 min 309
400°C 400 V 390

600 V 1

800 V 820

1600 V for 40 min 308
430°C 1600 V 306, 311
450°C 800 V 92

850V 312

1000 V 281, 299

485°C 800 V 90
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On the other hand, bonding of Si to Si was achieved by a low-temperature
curing polyimide film [100], or by using an intermediate deposited layer of
borophosphosilicate glass and subsequent anodic bonding (300 V, 350°C) [101].

2.2 MICROMACHINING OF GLASS

Similar to the procedure for Si micromachining, micromachining for glass also
includes thin-film deposition, photolithography, etching, and bonding (see Figure
2.3) [102].

Photoresist Cr & Au
7 ide
Glass @)
PLEEE ] v
l«— Mask
Glass (b)
Al | VAVAVAVAVAVAVAVAV]
Glass @
W\ﬂ F/IV\NVWW
Glass «@)
A\—Fzm ©
Glass
Glass ()
Glass
(8
Glass

FIGURE 2.3 Sequence for fabrication of the glass microfluidic chip. (a) Cr and Au masked
glass plate coated with photoresist; (b) sample exposed to UV light through a photomask;
(c) photoresist developed; (d) exposed metal mask etched; (e) exposed glass etched; (f)
resist and metal stripped; (g) glass cover plate bonded to form sealed capillary [102].
Reprinted with permission from American Chemical Society.
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2.2.1 EtcHING OF GLASS MICROCHANNELS

Etching of glass is commonly achieved by isotropic wet etch. Various etching
conditions based on HF are tabulated in Table 2.3. A typical glass channel created
by wet etch is shown in Figure 2.4.

The etch rate of Pyrex depends on the HF concentration. The lateral etch rate
was found to be greater than the vertical etch rate, and the rates were reduced
from 12 to 0.5 um/min when the HF concentration decreased from 49% to 25%.

Before photolithography, a photoresist film is usually spin-coated on glass.
To improve the adhesion of photoresist on glass, it is first spin-coated with a film
of hexamethyldisiazane. On the other hand, to coat photoresist on glass plates
with holes, the glass should be dip-coated [103-105].

In the photolithographic process, a photomask is needed. The photomask is
usually generated by photoablation (by a laser) or e-beam ablation. It is found
that e-beam ablation has produced smoother edges (10 times better than the UV
laser-ablated mask) in the photomask, thus leading to smoother channel walls
after etching, and higher efficiency in CE separations [106]. Uniformity in channel
depth and width can be experimentally verified by examining the linearity of a
plot of separation efficiency (N) versus channel length (L) [107].

Scratch effects in glass etch can be reduced by pre-etching the glass in HF
before deposition of the metal etch mask [108].

For mechanically polished glass plates, thermal annealing should be per-
formed before etching to improve etch quality [96,102,105,109,430,529].

To improve channel smoothness, wet HF etch was performed in an ultrasonic
bath [105,529,626] or wafted by hand [136]. The glass being etched was also
agitated every 10 min for 2-3 h, followed by lateral stirring with a plastic rod
[110,136]. Borofloat glass does not require agitation during HF etch and leaves
no reaction products as is seen with soda lime glass [108].

In one report, surfactant was added to yield better dimensional consistency
and smoothness of channel edges [626]. In another case, glycerol was added to
the HF etching bath [729].

To remove precipitated particles in the BOE process, the substrates were
removed every 2-5 min and dipped in a 1 M HCI solution for 10-20 s. Adding
HCI directly into the HF etch bath will have a similar effect [105,109-111].

Because wet chemical etch on glass results in an isotropic etch, the resulting
channel cross section is trapezoidal or semicircular [112,136,137]. In order to
form a circular channel, two glass plates were first etched with a mirror image
pattern of semicircular cross section channels. Then the two plates were aligned
and thermally bonded to form a circular channel [113,114,456,802,813].

Normally, a one-mask process was employed for glass etching, but for specific
applications, a two-mask process was used to create the shallow channel (1-6 um
deep) and the deep channel (20-22 um deep) [115,117]. In order to fabricate shallow
(18 um) and deep (240 um) glass channels, they were etched separately on the
bottom and top plates using two masks. Alignment was achieved during bonding
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TABLE 2.3

HF-Based Wet Etching of Glass

Etch Conditions
BOE-® (10:1)

BOE (7:1)

BOE (6:1)

BOE (unspecified
ratio)

32% HF/NH,F (1:1)
HF/NH,F
(1.7%:2.3%)

5% NH,Cl/1% HF
HF (1%)/NH,
Conc. HF

50% HF

49% HF

25% HF

20% HF
10% HF

50% HF/H,0 (1:5)
HF/HNO, (7:3)
HF/HNO,
HF/HNO,/H,0
(20:14:66)°

5% HF/70% H,PO,
HF/HCVH,O (1:1:2)

BOE (6:1)/HCI/H,O
(1:2:4)

Etch Results
~ 10 nm/min
Unspecified etch rate
0.03 um/min
0.9 um/min
36 um in 40 min
10 um in 20 min
0.66 um/min
Unspecified etch rate
8 wm in 15 min

5.2 um in 20 min (stirred)
2 um/min
~ 0.7 um/min

Unspecified etch rate
Unspecified etch rate
100 um in 1 h (70°C)
30 pm in 4 min

20 um for 3 min

7 um/min

~ 10 wm/min

13 pm/min

~ 8 pm/min

9 um/min

7 um/min

30 pm for 15 min
Unspecified etch rate
~ 1.1 pm/min (21°C)

With flow (1.55 um/min soda lime
glass, 0.786 um/min borosilicate); no
flow (0.85 um/min (soda lime)

12.9 pm/h

6.5 um/min
Unspecified etch rate
25 um in 6 min

2 um/min

0.8 um/min

~ 0.3 um/min
Unspecified etch rate
Unspecified etch rate
16 um/2.5 min
Unspecified etch rate
Unspecified etch rate

References
302
102
313
314
105
103
747
110, 447, 529
315

316, 317, 564
125
318

273

136

284

980

610

114

1017

319, 430

615

313

95, 96, 98, 244, 320, 409,
536, 548, 557

739

321

92

125

122
322, 323, 394
324, 330, 844
818

117

325

139

102, 292, 326, 327, 1078
145, 328

329

244, 282

670

1BOE represents buffered oxide etch with various ratios of 40% NH,F/49% HF.
"HF/HNO,/H,0(20:14:66) is identical to 49% HF/69%HNO,/H,0 (2:1:2).
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FIGURE 2.4 Electron micrograph of a T-intersection on a Pyrex glass microchip [102].
Reprinted with permission from the American Chemical Society.

[116,117]. Two-level glass etch was also performed first over photoresist for shallow
etch (10 um), and then over black lithographical masking tape for deep etch [117].

It was reported that double etch (shallow + deep etch) resulted in a cross
section leading to less dispersion in chemical separations (by simulation) than
the usual single deep-etched cross section [118,119].

Channel etching using HF was usually performed before bonding, but etching could
also be achieved after glass bonding (for enlarging some channels) [120,121,671,1065].

Deep wet HF etch of borosilicate glass to > 500 um depth was achieved.
This was carried out using an anodically bonded Si wafer (patterned) as a mask.
Conventional Cr/Au etch mask can only produce shallow etch (< 50 um) before
the problem of pinholes appeared. After etching, the Si mask was sacrificed by
KOH etching, thus releasing the etched glass plate. The glass plate could then
be sealed with a Si cover plate by anodic bonding for a second time [122].

In the selection of etch mask for deep glass etching, thick SU-8 is a choice,
but SU-8 cannot be used in a HF bath (48%) because SU-8 does not adhere well
to SiO, [123]. However, with a polycrystalline amorphous Si seed layer SU-8
adheres very well. For instance, with a 1.5-um-thick polished polysilicon, a 50-
um-thick SU-8 can be deposited as the etch mask, leading to a maximum etch
depth of 320 um. Usually photoresist (2 um thick) is only useful for shallow
etch, less than 50 wm [123].

Polished or unpolished polysilicon (by low-pressure CVD at 620°C) is
another etch mask option. Utilizing 2.5-um-thick unpolished polysilicon, a max-
imum etch depth of 160 um was reached using a HF/H,O/HNO, (6:40:100)
solution. Further etching causes large pits (1.5-2.2 mm dia.) to form on the glass.
With polished polysilicon (1.5 um thick), etch depth up to 250 wm can be
achieved. When amorphous Si is used as the etch mask, a maximum etch depth
of 170 um can be reached [123].
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Deep-glass etching is useful in creating special glass structures such as a
glass diaphragm. Forturan is another glass material used to make chips. When
treated in a high-temperature oven (500°C for 1 h and then 600°C for 1 h), the
exposed regions on the Forturan wafer will be transformed into a ceramic which
has a much higher etch rate (e.g., in 10% HF) than the surrounding glass [124].

Instead of photolithography, glass chips have been patterned using the PDMS
channel mask. Glass etching can be achieved directly in the regions defined by
PDMS channels. On the other hand, glass etching is achieved using an etch mask
(Ni) which is formed by electrodeless deposition in the regions as defined by the
PDMS channels. Wet HF etch or dry plasma etch has been carried out on soda
lime glass (microscope slides) or borosilicate glass (coverslips) [125]. Dry etch
of glass by RIE has also been reported [813]. Figure 2.5 shows the comparison
of wet etch (10% HF) in two types of glass using PDMS channels for patterning.

8
0 \\ 7
E
: NN/
£ \N/
N’
-32
100 200 300 400 500
Width/um
()
4
T _Z
E L .
£ /|
< L
-12 1 f
-16
0 100 200 300 400 500
Width/wm

(b)

FIGURE 2.5 Etch profiles of channels as a function of etching time for a microscope
slide (a) and a coverslip (b). The PDMS channels used as etch masks were 50 um in
width. The profiles were taken every 5 min (i.e., at 5, 10, 15, and 20 min) [125]. Reprinted
with permission from Elsevier Science.
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It was found that the etch depth of the coverslip was less, indicating borosilicate
glass was more resistant to HF etch than soda lime glass. In addition, there was
a reduced channel broadening (or undercut) in the coverslip, probably caused by
a less lateral etch rate (versus vertical etch rate) in borosilicate glass. A lower
concentration of HF was also found to produce smoother etched channels, as
shown in Figure 2.6, in which a PDMS channel was used as an etch mask. When
a Ni etch mask was used, both wet etch and RIE could be performed. For wet
etch, the etch rate is slower on the glass slide in the case of Ni mask versus the
PDMS mask; see Table 2.3 for the results of 10% HF etching. This is because
the use of a flow of HF in the PDMS channel facilitates etch product removal.
In addition, the Ni mask produced a much better etch profile than the PDMS
channel mask (see Figure 2.7A). This may be due to etchant leakage and the
parabolic nature of HF flow, causing more replenishment of HF in the center
(hence faster etch rate in the center). When wet etch was compared with dry etch,
it was found that dry etch produced a vertical profile (see Figure 2.7B). Note that
Figure 2.7B was obtained after a long time, 28 h! [125]. This is due to the difficulty
in removing the involatile reaction products [111].

There are other dry micromachining processes for glass. Powder blasting
[126-128,820,860,1127] has been reported. Powder blasting using alumina (9
um) powder was used to etch a 25-um-deep channel in a glass chip [129]. Powder
blasting can also be used to fabricate free-standing monolithic glass structures
(see Figure 2.8). This is achieved by using an oblique powder beam and the mask
under-etching effect. The eroding powder consists of 30-um-sized alumina par-
ticles [130].

Finally, microchannels in glass have been mechanically machined using a
wafer saw [131,792].

FIGURE 2.6 SEM images of etched channels illustrating the dependence of the smooth-
ness of the etched surface on the etching solution. (A) SEM image of the channel etched
with a high concentration of buffered HF (32% HF buffered with a 1:1 ratio of HF to
ammonium fluoride) (scale bar: 150 um). (B) SEM image of the channel etched with a
low concentration of non-buffered HF solution (10% HF) (scale bar: 100 pm) [125].
Reprinted with permission from Elsevier Science.
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FIGURE 2.7 Etch profiles of microchannels obtained by wet etching (a) and dry reactive
ion etching (b). In (a), the more rounded profile was obtained with direct wet etching
using a PDMS channel mold (50 pm in width), whereas the trapezoidal profile (dotted
curve) was made with the deposited nickel layer as the etch mask (150 pm in width) [125].
Reprinted with permission from Elsevier Science.

FIGURE 2.8 SEM picture of the 115-um-wide and 2-mm-long suspended glass cantilever
beams fabricated by deep glass etching [130]. Reprinted with permission from the Institute
of Physics Publishing.
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2.2.2 DriLLING OF GLAss FOR Access-HoLE FORMATION

In order to provide liquid access to the microfluidic chips, holes are usually
created on the cover plate. These access holes are usually created on glass by
drilling using diamond drill bits. However, other methods have also been used,
and these are summarized in Table 2.4.

For protection against chipping during drilling, the cover plate was sand-
wiched between two protecting glass slides and were glued with Crystal Bond
[844]. After hole drilling, the hole could be etched by HF to provide a smooth
conical channel exit [104,670].

Drilling has also been performed on the bonded plate, rather than on the cover
plate before bonding. To avoid plugging the channel in the bonded plate with
glass particles during drilling, the channel was filled with Crystal Bond [132].

In some cases, drilled holes are created on the same plate where the channels
are etched. To achieve this, the holes were drilled either on the channel plate, or
on a plain plate with subsequent channel etching [13,134]. In the latter case, the
photoresist can only be sprayed, rather than spin-coated on the drilled glass plate
[134].

Drilling by a diamond-tipped drill bit (15 s per hole) is much faster than
ultrasonic drilling (15 min per hole). On the other hand, ultrasonic drilling allows
all holes to be drilled simultaneously with a multi-tipped ultrasonic drill bit [108].

The appearances of the holes formed by ultrasonic drilling, laser machining,
and sand-blasting are compared in Figure 2.9 [104].

Another hole-forming method is electrochemical discharge machining
(ECDM). In this method, an electric voltage is applied to a metal point touching
the glass surface in an electrolyte solution. The point is slowly pushed through
the glass as drilling continued [738]. As shown in Figure 2.10, the cathode and
anode are immersed in a highly conductive aqueous electrolyte (e.g., NaOH).
When a voltage (20-60 V) is applied between them, electrolysis occurs and H,
is produced at the cathode. When the cathode is brought into contact to the glass
substrate at the drilling location, an electric discharge can produce localized
heating or ignition of H, gas or local sputtering. The removed glass debris might
then be complexed and solubilized with NaOH. However, the principle of ECDM

TABLE 2.4
Access-Hole Formation on Glass Chips
Methods References
Diamond-bit drilling 316, 330, 331, 548, 747, 974
HF etching (4 min, 1 mm dia., 145 um deep) 329
CO, laser drilling 332,931
Ultrasonic abrasion 102, 333, 430, 717, 718
Electrochemical discharge machining 95, 96, 135, 146, 334, 615, 725, 738

Powder blasting 129, 314, 335-338, 820, 1127
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FIGURE 2.9 SEM micrographs of micromachined holes in borosilicate glass using three
different methods. (a) Ultrasonically drilled hole; hole diameter, 500 um. (b) Laser
machined hole; hole diameter, 300 um. (c) Sand-blasted hole; hole diameter 1000 pm
[104]. Reprinted with permission from the Institute of Physics Publishing.

e
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Andoe

Glass

NaOH

FIGURE 2.10 Physical set-up for electrochemical discharge machining of a glass plate
[135]. Reprinted with permission from the Institute of Physics Publishing.

is not well understood. It was found that an increase in the NaOH concentration
increased the drilling rate, possibly caused by an increase in the solution con-
ductivity. It has been found that when a 0.5-mm-dia. Pt wire is used as the cathode
and a 25.4-mm-square Ni gauge as the anode, a solution of 10% NaOH and an
electric voltage of 47.8 V produced the best glass etch rate of 0.133 mm/min. To
assist in the electrolyte access into the hole and removal of glass debris, the
cathode could be moving vertically in and out of the drilled hole [135].

In some devices no drilling was performed, but a circular coverslip was used
with the end of channel protruding out of the coverslip to reach the solution
reservoir [136,137].
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2.2.3 Giass BonDING

After channel etching and access-hole forming, the channel plate and cover plate
are bonded. Thermal bonding is the major method used, though alternative
schemes exist. All glass bonding methods are summarized in Table 2.5.

Normally, the glass plates are cleaned and dried before thermal bonding. In
one report, a special microchip washer was designed which allows simultaneous
cleaning of the channel and cover plates [138]. In another report, the two glass
plates were brought into contact while wet, then the plates were bonded thermally
with pressure (50 g/cm?) [105,747].

The glass plates were sandwiched between two polished alumina flats so that
weights could be applied on top, and the glass surfaces would remain smooth
after thermal bonding [105]. To ensure even heat distribution, the two bonding
plates were sandwiched between two Macor ceramic plates [139].

To achieve thermal bonding of a glass chip to thin glass (0.17 mm thick),
which is not very planar, a matrix of underpinning posts was employed [111].

Surface charge (due to silanol) on glass was found to be modified during the
thermal bonding process [532]. After thermal bonding of glass plates, some
defects showed up which might be due to surface damage, organic contaminants,
dust and incomplete metal mask stripping[140].

Bonding of glass plates consisting of metal electrodes can be achieved in two
ways: (i) between an etched glass plate (containing patterned electrodes) and a
drilled cover plate or (ii) between an etched glass plate and a drilled cover plate
(containing patterned electrodes) [745].

Usually metal electrodes cannot withstand high temperature, except in the
case of Pt/Ta in which Pyrex plates can be fusion bonded up to 650°C [141].
Therefore, a low-temperature bonding method should be adopted. This was
accomplished using potassium silicate with the following thermal treatment: 90°C
(1 h), 0.3°C/min to 200°C (12 h) [590,925]. Low-temperature bonding by pol-
ysiloxane was also reported [142], as was the use of water glass (or sodium
silicate). Bonding was carried out at 1.5°C/min to 80°C and 1 MPa pressure and
held for 6 min, followed by cooling to room temperature. An ultrasonic micro-
scope was employed to image the bonding performance. High sodium content
(due to sodium silicate) at the bonding region was reported. This effect of high
sodium on the microfluidic operation has been evaluated [143].

Anodic bonding can be modified to bond glass plates (i.e., Pyrex to Pyrex).
To achieve this, a silicon nitride film (200 nm) was used as an adhesive layer,
and the anodic bonding conditions of 1500 V, 450°C, 10 min, were used [144].
In another example, a 160-um Si;N, film was used and the bonding conditions
were 100 V, 400°C for 1 h [143].

There are non-thermal methods for bonding. For instance, bonding of glass
was carried out by 1% HF [109,529]. Moreover, optical UV adhesive was used
to bond glass to glass [125,129,323], glass to silicon [146,322,392,394,615], or
glass to quartz [392]. To avoid filling the fluidic channels with the UV-curable
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TABLE 2.5
Thermal Bonding of Glass Chips

Bonding Conditions

Up to 440°C

500°C

560°C (3 h)

570°C (3.5 h)

580°C (20 min)

595°C (6 h)

600°C

Up to 600°C using a program

610°C

620°C (3 h), 10°C/min

620°C (4 h)

623°C (3.5 h) (Borofloat)

650-660°C (4-6 h) (Pyrex)

650°C (4 h) (Borofloat)

680°C (Borofloat glass)

690°C (Borofloat glass)

3°C/min to 620°C (30 min), cool to room
temperature (3°C/min)

500°C (3 h), 580°C (3 h), cooled for at least
12h

665°C (4 h), cool slowly (5 h)

280°C/h to 400°C (4 h), 280°C/h to 588°C (6
h), cooled to room temperature (soda lime)

60°C to 500°C (1 h), to 570°C (5 h), cooled
to 60°C and left for 12 h

Equilibrated at 500°C, 550°C, 600°C then
annealed at 625°C for 2 h (Pyrex)

440°C (0.5 h), 473°C (0.5 h), 605°C (6 h),
473°C (0.5 h), cooled overnight

500°C (1 h), 550°C (0.5 h), 620°C (2 h),
550°C (1 h), cooled overnight

40°C/min to 550°C (0.5 h), 20°C/min to
610°C (0.5 h), 20°C/min to 635°C (0.5 h),
10°C/min to 650°C (6 h), cooled to room
temperature

10°C/min to 620°C (3.5 h), ramp down at
10°C/min (Borofloat)

10°C/min to 640°C (8 h), 10°C/min to room
temperature (under vacuum)

20°C/min to 400°C, 10°C/min to 650°C (4 h),
10°C/min to 450°C, cooled to room
temperature (Borofloat glass)

550°C (1 h), 580°C (5 h), 555°C (1 h), cool
for at least 8 h

To 400°C (280°C/h) (4 h), 280°C/h to 588°C
(6 h), cooled to room temperature
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glue, a stamping process was developed which allows the selective application
of a thin glue layer [129].

It was also reported that the UV glue can be degraded with a thermal proce-
dure (100°C [6 min], 550°C [240 min], 100°C [30 min]), all at 1°C/min rate
[1078]. So in one report, such an adhesive-bonded device was separated after
heating up to 500°C and then rebonded [147].

Bonding of glass plates can also be achieved at room temperature (20°C).
This is based on hydrogen bonding at the glass interface, which has been achieved
only after rigorous cleaning. This method allows bonding of different types of
glass substrates having different thermal expansion coefficients [844]. In another
report, pressure sealing of glass plates by clamping was used as a non-thermal
reversible bonding method to avoid thermal degradation of a chemically modified
(ODS) layer [430].

2.3 MICROMACHINING OF FUSED QUARTZ (OR
FUSED SILICA)

2.3.1 Fusep QuUARTZ CHANNEL ETCHING AND HOLE-DRILLING

Various wet and dry etch methods have been employed to micromachine fused
quartz chips in a similar manner as in glass etching. However, the RIE method
can be more effectively employed to etch quartz than can glass. Both wet and
dry etch methods for fused quartz are summarized in Table 2.6.

Normally, one-level etching was performed, but in some applications (e.g.,
pre-channel filter), a two-level etching method was also performed [148]. BOE
etch was chosen over HF etch for quartz because BOE produced a smoother etch
(0.23 um RSD) than did HF (0.55 pum RSD) [149]. The cross section of an etched
channel in a quartz chip is shown in Figure 2.11 [1006].

With RIE dry etch, the etched surface is very uneven, showing a typical rough
cauliflower-like surface, but a subsequent wet etch by 1% HF/2% HCI solution
for 10 min will smoothen the rough surface [150].

In order to provide access holes on fused quartz cover chips, laser drilling
[151,152,828,1006] or ultrasonic drilling [349,1041] have been used. In order to
remove particulates caused by drilling, the drilled quartz plate was rinsed in 0.5%
HF for 5-10 min in an ultrasonic bath [153,658]. However, in some cases no
drilling was performed, with the end of the channel protruding out of the coverslip
[148].

2.3.2 BoNDING OF Fusep QuArTz CHips

The etched quartz chips are sealed using various bonding methods, as summarized
in Table 2.7. In thermal bonding for fused quartz, a much higher temperature
than in thermal bonding glass (e.g., 1150°C) is required, but such a high temper-
ature will distort nano-sized channels. So HF bonding (at room temperature) must
be used in these applications [676].
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TABLE 2.6
Fused Quartz Etching
Etch Conditions Etch Depth References
Wet HF Etch
BOE (10:1) 5 um 148
BOE (6:1) 7 um/h (room temperature) 263
Unspecified etch rate 149, 814
BOE (1:1) 28 um (50°C) 152, 1006
NH,F/HF (36.3%:4.7%) 40 pm in 8 h 275
Dilute, stirred BOE 8 um (50°C) 346
49% HF 20 um in 16.7 min 347
HF 19 um 840
Dry Etch
Fast atom beam 10 pm 348, 846, 1021
DRIE 10 um (CHF;) 349, 676, 676
<10 um (C;F¢/70% CF,) 350
<1.2 pm (G;F{/CF,) 351
10 pm (SF) 846
14-39 nm/min (SF,) 150
Laser ablation Excimer laser 425, 426, 676
CO, laser 846, 1021
Sandblasting (SiC particles) Unspecified etch rate 676

BOE represents buffered oxide etch with various ratios of 40% NH,F/49% HF.

i 1 L R

FIGURE 2.11 Electron micrograph of the cleaved edge of a quartz chip showing the
channel cross section [1006]. Reprinted with permission from the American Chemical
Society.
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TABLE 2.7
Bonding of Fused Quartz Chips

Bonding Conditions References

Thermal Bonding
1110°C 346
1110°C, 3 h 351
1110°C, 5 h 352
10°C/min to 800°C, 3°C/min to 1000°C, 3°C/min cool to 800°C, natural 347
cooling
200°C (2 h) then 1000°C (overnight) 152, 658, 1006
1150°C 425, 426, 846,
1021
Other Bonding Methods
NaOH, 500°C, 10 bar vacuum, 60 min 150
1% HF 12-kg weight pressure for 12 h at room temperature 676
1% (w/v) HF with 0.16 MPa pressure, at room temperature for 24 h 264, 353
1% HF with 1.3 MPa pressure 354, 355
1% HF at 60°C for 4 h 263
1% HF, at room temperature, clamped for 24 h 275
CYTOP adhesive or poly(1,1,2,4,4,5,5,6,7,7-decafluoro-3-oxa-1,6- 356
heptadiene)

Sealed to a PDMS layer 840
Potassium silicate (95°C for 10 h, 200°C for 10 h) 148

In one report, no bonding plate was needed to create the sealed quartz
channels. These were achieved by first depositing a layer of poly-Si the quartz
substrate, which was then wet etched through a tiny hole to create a quartz channel
and a thin SiO, roof [154].

2.4 MICROMACHINING OF POLYMERIC CHIPS

Polymeric chips have been fabricated with various methods, as developed from
the plastics industry. These processes include casting, injection molding, laser
ablation, imprinting, and compression molding. The physiochemical properties
of various polymeric materials and their molding methods have been summarized
in a recent review article [7].

2.4.1 CasTING

The procedure for micromolding in capillaries (MIMIC) for fabricating the micro-
structure of polymeric materials has been reported [155-157]. Vacuum-assisted
MIMIC was later reported. These methods are essentially casting a soft curable
polymer against a mold [158].
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The casting method has mostly been employed to fabricate poly(dimethylsi-
loxane) (PDMS) chips, but has also been used with partially polymerized PS
liquid preparations [85].

A procedure for casting of PDMS replicas from an etched Si master with
positive relief structures (in Si) has been developed for chemical analysis (see
Figure 2.12) [159].

FIGURE 2.12 Fabrication procedure of a PDMS chip: (a) silicon master wafer with
positive surface relief, (b) pre-mixed solution of Sylgard 184 and its curing agent poured
over the master, (c) cured PDMS slab peeled from the master wafer, (d) PDMS slab
punched with reservoir holes, and (e) ready-to-use device sealed with another slab of
PDMS [159]. Reprinted with permission from the American Chemical Society.
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FIGURE 2.13 Electron micrograph showing the sample injection region of the PDMS
device. Channel cross section, 50 um (width) x 20 um (height). The geometrical features
of the channel junction result from the anisotropy of the wet etching process of the Si
master [159]. Reprinted with permission from the American Chemical Society.

The PDMS replica is a negative image (see Figure 2.13) of the positive relief
structure. A mixture of PDMS pre-polymer and its curing agent was poured over
the master mounted within a mold. The mixture should be degassed, e.g., under
low vacuum (~ 20-30 Torr) [160]. After curing, the PDMS replica was peeled
off from the Si master [159]. To facilitate peeling off, the Si master was silanized
or treated with various releasing agents, as tabulated in Table 2.8. The master
can be used for ~ 100 casting procedures without observed degradation [161].

To create liquid access, holes were punched through the replica. Then it was
placed on another thin slab of PDMS for sealing. Because an anisotropic KOH-
based etching method was employed to etch the Si master without corner com-
pensation, the channel intersections in the replica were limited in shape by the
<111> plane of the Si master [159].

Rapid prototyping (< 24 h) was suggested to produce PDMS chips. A
transparency photomask was used to create a master consisting of positive relief
structures (made of photoresist SU-8) on a Si wafer. PDMS was then cast against
the master to yield numerous polymeric replicas (see Figure 2.14). This method
allows the channel width of > 20 um to be made. A channel depth of 1-200 um
can be cast by using different thicknesses of photoresist. This method allowed
> 30 replicas to be made per master [1033]. However, in another report the SU-
8 master could only be used for one or two PDMS castings, unless a special
coating was used on the SU-8-on-Si master. This coating is an amorphous
diamond-like carbon/poly(dimethylsiloxane) hybrid, which significantly
improves the lifetime of the master for PDMS replica production (no degradation
after 10 castings) [162].

To form a thick SU-8 layer, it was poured onto a Si wafer until a 25.4-mm-
dia. puddle was formed. The wafer was spun at 500 rpm for 10 s, ramped up to
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TABLE 2.8
Releasing Reagents for Casting
Molding
Master Releasing Reagent References

Si 3% (v/v) dimethyloctadecylchlorosilane 159, 181, 260
Trichloro(3,3,3-trifluoropropyl)silane 249
Dichlorodimethylsilane 134
Coated with 200-nm Teflon 161
Au 362

Photoresist on Hexamethyldisilazane on SU-8 357

Si
Tridecafluoro-1,1,2,2-tetrahydrooctyl-1- 182, 262, 358, 359
trichlorosilane on SU-8
Plasma-polymerized fluorinated layer on SU-8 247
5% SDS on SPR-220-7 360
1H,1H,2H,2H-perfluorodecyltrichlorosilane on 164
photoresist (AZ 9260)

Glass Treated by CHF; plasma in a RIE machine (SU-8) 361
Chlorotrimethylsilane 174
Au 362

FIGURE 2.14 Electron micrograph of a turn in the channel fabricated in a PDMS chip,
created by casting the polymer against a positive relief, which is made of photoresist
patterned on a glass substrate. The roughness in the side wall arises from the limited
resolution of the transparency used as a photomask in photolithography [1033]. Reprinted
with permission from the American Chemical Society.

3000 rpm (or 250 um/s), and held for 10 s. A 140-um-high SU-8 structure was
formed [163]. The reflow of the photoresist (AZ 9260) on Si occurred during the
hard bake final step (115°C for 30 min), rounding of the positive relief photoresist
structure occurred, and the semi-cylindrical PDMS channel molded from this
structure was achieved [160]. Similarly, SU-8 softens as temperature increases,
unlike other photoresists which harden at high temperature [164].

PDMS chips have also been cast from a glass (not Si) master containing
photoresist as the positive relief structure [556,960]. PDMS was also cast against
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an acrylic master which was hot-embossed by an aluminum mother milled with
the channel features (> 10 um) [166]. In one case, PDMS was cast directly against
an Al master [166].

PDMS can be cast from two commercially available kits: (1) General Electric
RTV 615 [167,890,985] or (2) Dow Corning Sylgard 184 (more commonly used).
Both kits contain the PDMS elastomer (component A) and the curing agent
(component B). Upon curing, the PDMS elastomer or pre-polymer is cross-linked
by the curing agent which is a proprietary platinum-based catalyst. Components
A and B from either source are mixed in a definite ratio (10:1). The mixture is
either spin-coated to obtain a thin film (10-12 um) or poured into a mold to
obtain a slab of greater thickness (2 mm). The mixture is then incubated for either
curing or bonding. RTV 615 needs a higher temperature than Sylgard 184 to
cure, whereas Sylgard 184 is stiffer and more chemically inert to acids and bases.
Various curing conditions in the use of these two commercial kits are summarized
in Table 2.9 [890].

To ensure a better reversible seal between PDMS with glass, a mixing ratio
of 20:1 is used, because this produces a less rigid polymer replica [168,169]. On
the other hand, to fabricate a more rigid PDMS chip a ratio of 8:1 (curing at
70°C for 48 h) was used. It was found that even with this more rigid PDMS chip,
the sealing to another PDMS remained good [162]. Such a ratio of 8:1 was also
used to create a PDMS/PMMA chip [178].

In order to homogenize the elastomer surface properties, thermal aging of
PDMS was sometimes carried out (at 115°C for 12 h) [170].

A two-mask process has been used to create a glass master containing two
levels of positive photoresist relief structures. The master was used to cast a
PDMS chip consisting of the channel/chamber (25-30 um deep) and weir (7-12
um clearance) [960]. Another two-mask process was used to create a Si molding
master consisting of 3-um-high Si relief structures and 25-um-high photoresist
relief structures [364].

The PDMS channel slab should be bonded to a cover substrate in order to
create a sealed chip. This can be achieved by irreversible bonding after oxidation
of the PDMS layer to create the silanol groups [170,960,1033,1043]. The PDMS
surfaces can be oxidized in an O, plasma [1033], Telsa coil [171,172], RIE system
[173], ozone generator [171], or ozone plasma created by a mercury vapor lamp
[174]. PDMS can be sealed irreversibly to various substrates, such as PDMS,
glass, Si, Si0,, quartz, Si;N,, polyethylene, glassy carbon, and oxidized polysty-
rene. But this method of irreversible bonding did not work well with PMMA,
polyimide, and polycarbonate [1033]. Moreover, PDMS (after O, plasma treat-
ment) has been bonded to Au, glass, and Si-SiO, substrates [1025].

A study of the effect of O, plasma parameters on PDMS bonding shows that
low RF power and short treatment time are better than higher RF power and long
treatment time, respectively, for bonding instantly after plasma treatment. More-
over, the bonding has to be carried out within 15 min after the plasma treatment
to ensure complete bonding [175].
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TABLE 2.9
Various Conditions for Curing PDMS Elastomers using Two Commercial
Kits

Curing Temperature Curing Time References
Sylgard 184
Room temperature For 24 h 160
60°C For 60 min 955
For 60 min, then at 200°C for 1 h 85 for use as a mold
For3 h 363
For 6 h 160
For 12-16 h 85 for use as a mold
65°C For 1 h 359, 364, 960, 1033
For >3 h 365, 366
For 3 h, then at 25°C for 21 h 164
70°C For 12 h 857
At least 72 h 800
75°C For 1 h 367
For 3 h 302
80°C For 25 min 890
1h 134, 250
100°C For 3 h 175
110°C For 8 h 174
150° C For 1 h 160
200°C For 2 h 817, 821
RTV 615
60°C For 5 h 270
80°C For 1 h 890
For 1.5 h 167, 357, 368
90°C 2h 985
Unspecified temperature ~ Unspecified time 780

Irreversible bonding of two PDMS layers was also achieved by first allowing
the bottom cured layer to have an excess component of the elastomer base (i.e.,
30A:1B) and the upper cured layer to have an excess curing agent (i.e., 3A:1B).
Then the two layers were put into contact. On further curing, the excess compo-
nents in each layer allowed new PDMS polymer to form at the interface to
facilitate bonding [167].

Another method to achieve bonding of a polymeric membrane with a glass
plate for cell experiments was to first decorate the membrane with avidin and
modify the glass plate surface with biotin. The avidin-coated membrane was then
tightly bonded with the biotin-coated glass plate [176].

On the other hand, reversible bonding of PDMS was also used. In this case,
no oxidation of the PDMS layers was needed [748,858]. Although the surface
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free energy of PDMS is not particularly high (~ 22 mN/m), the smoothness of
the cast surface of PDMS in combination with its elastomeric nature ensure good
adhesion of the PDMS layer on both planar or curved substrates. These properties
of the PDMS elastomer simplify the sealing method (i.e., no thermal bonding
needed). Pressure (up to 1 bar) can be applied to the channels without the use of
clamping to prevent liquid leakage. Moreover, since the sealing is not permanent,
after use, the two PDMS slabs can be peeled off for more thorough cleaning, if
needed [159].

As compared to irreversible bonding, channels formed by reversible bonding
have more stable EOF, and are easier to clean (after chip removal). However,
reversible bonding is prone to leakage and cannot withstand pressure greater than
5 psi [748]. Reversible sealing was more effective after rinsing the PDMS and
glass plates with methanol and then drying in an oven at 65°C for 10 min [365].
It was found that no cleaning effect was obtained with deionized water or iso-
propyl alcohol, but a dilute HCI solution was very effective for cleaning contam-
inated PDMS surfaces, even on aged chips [175].

Reversible bonding was also made between a PDMS layer and a gold-coated
glass slide which had been deposited with thiolated DNA capture probes [955].

Reversible bonding of PDMS to PMMA was also achieved [177,178,364]. A
PDMS replica containing microchannels (< 100 pm deep) was sealed against a
PMMA plate (or a PDMS replica of it) that had deep (300-900 pum) solution
reservoirs machined in it [1042]. PDMS was also sealed against a patterned
hydrophobic fluorocarbon film [179].

A three-dimensional (3D) microfluidic channel system was also fabricated in
PDMS. The system was created using a “membrane sandwich” method. In a
three-layer PDMS device, the middle layer had channel structures molded on
both faces (and with connections between them). This middle layer was sand-
wiched between two thicker PDMS slabs to provide channel sealing and structural
support [180]. For instance, a three-layer structure was created to produce a
basketweave pattern consisting of crossing but non-intersecting channels (see
Figure 2.15). In addition, a five-layer PDMS channel system was fabricated with
a straight channel surrounded by a coiled channel (see Figure 2.16) [180].

A 3D microfluidic structure was also constructed with two horizontal PDMS
layers and the third top layer [181]. In one report, a simple stacking of two PDMS
channel layers was also performed to realize a Z-shaped 3D interface [302].

Stacking of five thin PDMS layers (100 um thick) also produced a special
3D microfluidic structure (see Figure 2.17) [175]. During casting, a transparency
film was used to flatten the thin PDMS pre-polymer layer against the molding
master by surface tension effect. This transparency film also helped to peel off
the cured PDMS layer. Methanol was used to prevent instant PDMS bonding and
promote smooth movement between each layer during stacking and alignment of
the layers. This multilevel soft lithographic method has been employed to perform
2D protein separations [182].

Besides PDMS, 3D structures for MS analysis have been cast in epoxy
(Epofix) using two negative masters (in PDMS), which in turn were created from
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100 um

FIGURE 2.15 A microchannel system in a basketweave pattern fabricated by three PDMS
layers. (a) Optical micrograph of the middle PDMS layer, which contains the entire 8 x
8 channel system. The channels are 100 um wide and 70 um high. (b) Optical micrograph
of a portion of the enclosed, fluid-filled channels. Channels in the up-down direction are
filled with a solution of fluorescein and channels in the left-right direction are filled with
a solution of Meldola’s Blue dye [180]. Reprinted with permission from the American
Chemical Society.

Lucite positive relief structures. Epofix was selected as the chip substrate, among
acrylic-polyester resin (Casolite) and epoxy resin (Araldite), because of its having
the best mechanical properties and the least chemical interference needed for
fabricating the MS chip [780]. In another report, PDMS was chosen over epoxy
to fabricate MS chips because of its less chemical noises (interferents) in MS,
and over polyurethane because of good adhesion properties. Even so, in the use
of PDMS its curing (at 70°C) should be carried out for at least 72 h to further
reduce the chemical noise [800].

Casting of a PDMS chip was also achieved using a master fabricated from a
printed circuit board. A board with a calculated Cu foil thickness of 34.3 um
gave 29-um-deep channels that were measured after etching. With the etching
solution of ammonium peroxydisulfate at 38°C, it took ~ 20 min to etch. Since
the Cu layer was slightly rough, of the cast PDMS layer did not adhere well to
glass. However, it did adhere well to another PDMS layer [183].

A solid-object printer was used to produce a plastic molding mask for
casting PDMS chips [184]. A melted thermoplastic build material (m.p.
80-90°C) was used as the “ink” for printing. This method provides an
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FIGURE 2.16 A coiled channel surrounding a straight channel fabricated by five PDMS
layers. The two channels were filled with fluorescein [180]. Reprinted with permission
from the American Chemical Society.
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FIGURE 2.17 A five-layer stacked PDMS microchannel system. (a) Schematic of a
channel path structure. (b) High-magnification optical photograph of a vertical channel
path [175]. Reprinted with permission from the Institute of Physics Publishing.

alternative to photolithography in fabricating the molding master, but only
creates features of > 250 um. Since the mold is easily damaged by deformation,
only about 10 replicas can be made from one master. The roughness of the
master is ~ 8 pm, which can be reduced by thermally annealing it. In this case,
a negative master is first made and annealed, and a positive master is created
from the smoothed negative master [184].
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Reduction photolithography using an array of microlenses (40 um dia.) was
demonstrated. This method achieved a lateral size reduction of 10 and gen-
erated a feature size down to 2 um over a large area (2 X 2 cm?) [363]. Reduction
can also be achieved using 35-mm film photography (8X) or microfiche (25x)
[185].

Photolithography using gray-scale photomasks enables the generation of
micropatterns that have multilevel and curved features on photoresist upon a
single exposure [363].

Instead of using a planar molding master, a fused silica capillary tube (50
pum i.d. and 192 pm o.d.) was used as a template for casting PDMS channels,
and as the fluid inlet/outlet tubes. After PDMS curing, the middle pre-scored
section (4 cm) of the capillary was removed to reveal the PDMS channel (192
um wide and deep) [817]. Similarly, a capillary was used to mold a PDMS
channel, and to produce an electrospray emitter. In this case, after PDMS curing,
the last 0.5-cm section of the capillary was removed to create a channel [821].

2.4.2 INJECTION MOLDING

Injection molding is a common procedure in the plastics industry. Therefore,
this method has been adapted to fabricate acrylic chips. First, the channel
pattern was fabricated by wet etching a Si master. Second, a Ni electroform
“mother” was made out of the Si master. Third, many Ni electroform “daugh-
ters” were made. Finally, the electroform “daughter” was used to create acrylic
chips via injection molding. One Ni electroform daughter could produce 500
chips [186]. In order to mold the channel patterns on the acrylic plates, a
negative image should be formed on the electroform daughter. This was
fabricated via the electroform mother using the negative image formed on the
Si master because it is easier to create a 45-um-high relief pattern in Si than
to etch a 45-um-deep channel in Si. Although the width (45 um) and depth
(45 um) of the Ni electroform mother followed the relief of that of the Si
master, the acrylic molded channels produced only 35-um-deep channels (see
Figure 2.18). Moreover, the cross section indicated that there were asymmetry
and rounding of some features. This may be caused by unoptimized conditions,
such as temperature used during mold injection, cooling duration before chip
ejection from the mold, and post-injection annealing. Access holes (3-mm)
were first drilled through the acrylic chip, and then it was sealed with a cover
film (2-mil thick, Mylar sheet) using a thermally activated adhesive [186].

Besides acrylics or PMMA, injection molding was also carried out on regular
and optical-quality PC chips [187]. Furthermore, three PS plastic plates were
injection molded to create the microfluidic channels, which were employed for
a biomolecular interaction study. The upper plastic plate with ridge patterns was
ultrasonically welded to the middle plate. The middle plate was sealed to the
bottom plate with a molded silicone rubber layer [188].
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FIGURE 2.18 Profilometer scans across the microchannel structure of the silicon master
(negative image), the nickel electroform mother (positive image), and injection-molded
acrylic chip (positive image). The nickel electroform daughter (negative image) is not
shown [186]. Reprinted with permission from the American Chemical Society.

2.4.3 ABLATION

Ablation using radiations of various wavelengths (IR, visible, UV, or x-ray) has
been employed to fabricate plastic chips. For instance, photoablation using pulsed
UV lasers (193 nm) has been used to fabricate plastic chips out of polyethylene
terephthalate (PET, 100 um thick) [189,190, 258,758] and polycarbonate (PC,
125 um thick) [189,258]. Channels as narrow as 30 pm and as deep as 100 um
can be made [258,758]. The cross section of a photoablated PET channel plate
laminated with another PET using a thin PE adhesive layer was shown in Figure
2.20 [191].

An excimer laser was also used to machine a PC chip (6 mm thick) to create
160-um-wide channels (60 um deep), [811] or on a polyimide sheet [192,811].
Another UV excimer laser (248 nm) was used to ablate microstructures within
PC channels (fabricated by imprinting) [193].

A UV excimer laser (193 nm) was used to ablate channels in polystyrene
(PS, 1.2 mm), PC (1 mm), cellulose acetate (100 um), and PET substrates (100
um) [194,195]. Low-temperature (125°C) lamination was used for fast bonding
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a)

FIGURE 2.19 Electron micrograph of (a) the rough channel features on a PMMA master
as generated by laser-ablation; (b) the smooth channel features on the PDMS replica cast
from the PMMA master [367]. Reprinted with permission from the American Chemical
Society.

(< 3 s) the ablated substrates to PET films (35 um thick) with PE adhesive (5
wm thick) [189,194].

A XeCl excimer laser (308 nm) was used to photoablate biodegradable
polymers (PDLA and PVA) into channels (10-50 um deep) [196].

A molecular fluorine excimer laser (157 nm) was also used to ablate PMMA
chips to a depth of 500 um [197]. It was also reported that acrylic (or PMMA)
plates were processed using a laser-cutting machine [198].

Photoablation (diode-pumped Nd:YVO, laser, A = 532 nm) was used to create
a master on the PMMA layer coated on a Si wafer (see Figure 2.20a). The PMMA
layer was doped with rhodamine B to facilitate the absorption of the laser radi-
ation. The width of the ablated features depends on the diameter and the position
of the laser focal point. The best aspect ratios were obtained with the laser beam
focused 3—4 um into the PMMA film. The ablated PMMA-Si master was used
to cast a PDMS layer (see Figure 2.19b). The cast PDMS layer appeared to have
smoother surfaces than the PMMA master [367].

X-ray micromachining (7-9 A synchrotron radiation) was used to ablate
PMMA channel structures (20 um wide and 50 um deep) [199]. Bonding was
achieved by first heating both PMMA plates on a hot plate (150°C) for 5-10 min,



32 Microfluidic Lab-on-a-chip for Chemical/Biological Analysis and Discovery

FIGURE 2.20 SEM representation of the cross section of a PET microchannel made by
photoablation. The trapezoidal form is typical for this type of microfabrication procedure.
The lamination on the top is evidenced by the interface between the polymer layers. The
channel dimensions are 30 wm wide in the bottom, 40 um wide in the top, and 40 um
deep [191]. Reprinted with permission from Elsevier Science.

then they were aligned, pressed together, and the two-plate assembly was allowed
to cool. This surface heating prevents outgassing and bubble inclusions which
occur in bulk heating [199]. In contrast, conventional (rather than x-ray) machin-
ing on PMMA can only create channels of large depths (from 125 um to 3 mm)
and width (> 125 um) [1042].

In another report, instead of direct x-ray ablation, an x-ray mask, which was
10-um-thick Au on a Kapton film, was employed to ablate a PMMA wafer. Then
the ablated PMMA wafer was developed. For sealing, a PMMA cover was first
spin-coated with a 2-um layer of poly(butyl methacrylate-co-methyl methacry-
late) and then thermally bonded to the PMMA plate (120°C for 1 h) [200].

An infrared CO, laser (1060 nm) was used to cut through a polycarbonate PC
(black) (carbon-coated) wafer of 250-um thickness to create microfluidic channels.
The laser-machined black PC wafer was then thermally bonded between two
transparent PC wafers at 139°C under two tons of pressure for 45 min [937]. A
CO, laser was also used to ablate Mylar sheets (with adhesive). Then the machined
Mylar sheets were laminated together [1051]. Moreover, a PMMA substrate was
machined by a CO, laser [201,202]. However, the microchannel (~ 200 wm deep)
has a Gaussian-like cross section and a certain degree of surface roughness [201].
The CO, laser has also been used to machine PET substrates [203].
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2.4.4 WIRE IMPRINTING

Plastic channels could also be fabricated by the hot wire-imprinting method. A
channel was imprinted on a piece of Vivak (copolyester) by a nichrome wire (50
um dia.). It was clamped between the plastic and a glass slide (see Figure 2.21),
and the assembly was heated at 80°C for 15 min. Then a perpendicular channel
was similarly imprinted on a second piece of Vivak. The two pieces were then
sealed at 75°C for 25 min (note that the two channels are not coplanar!)[1011].
The channels were filled with water for storage [204,685].

A chromel wire (13- or 25-um dia.) was used to hot-imprint microchannels
on PMMA or Plexiglas substrates (1.6 mm thick). The plastic substrate was heated
for 10 min at 105°C (softening temperature of PMMA). Although another imprint-
ing procedure can be carried out on the same substrate using a wire perpendicular
to the first imprinted channel, the plastic substrate appeared to be more rigid
following the first heating cycle. Therefore, the second channel was imprinted
on a second PMMA plate. Then the two plates were bonded together at 108°C
for 10 min using a press with the application of a uniform pressure. Sometimes,
the PMMA plate was not well sealed due to bubble entrapment. These failed
devices could generally be salvaged by reheating the device at the same temper-
ature, but for a longer time [1011].

Microchannels were also wire-imprinted on Plexiglas using a 90-um-dia.
tungsten wire at 175°C. The channels were triangular-like, typically 200 um wide
and 75 pm deep [205].

Wire imprinting was also achieved on PS, PMMA, and a copolyester material
(Vivak) using chromel wire [206]. Low-temperature bonding was applied for
channel sealing. The EOF was found to be the highest in the copolyester chip
and the lowest in the PS chip. The chromel wire was stretched taut and placed

Press

l 105°C
. Wire

!

Press

Glass

PMMA
glass

FIGURE 2.21 Fabrication protocol for wire-imprinted devices [1011]. Reprinted with
permission from the American Chemical Society.
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on a plastic plate (for 7 min) heated to a temperature higher than the polymer
softening point [206].

Instead of imprinting two cross-channels on two separate PMMA chips, the
two wires have been stretched and crossed over on the same PMMA substrate
for imprinting [207].

2.4.5 COMPRESSION MOLDING

To imprint more complex structures, a Si master with positive relief structures
was first created. Then the master was used to imprint the channel pattern on a
PMMA plate (135°C for 5 min) (see Figure 2.22) [1011]. This method is called
compression molding or embossing. In using this method, a vacuum chamber is
needed to remove air bubbles trapped at small features and to remove water vapor
from the polymer [7].

Press 135°C

| | Metal
| | PMMA

| | Silicon
| | metal

Press

FIGURE 2.22 Fabrication protocol for silicon-template-embossed devices [1011].
Reprinted with permission from the American Chemical Society.

For proper embossing, the PMMA was baked at 80°C for 8 h to reduce the
absorbed water to 0.1% (from ~ 0.4%). During embossing, the molding die was
heated to 150°C and pressed into the PMMA wafer with a force of 4000 1b for
4 min at 160°C. During demolding, the PMMA wafer was maintained at 85°C
[208].

Besides PMMA, compression molding was also used to fabricate microstruc-
tures on PC chips (I mm thick). High temperature (188°C) and pressure (11
metric ton pressure applied by a hydraulic press) were used. Before bonding, the
hydrophobic channel surface was treated with UV irradiation (220 nm) to increase
surface charge, which would assist aqueous solution transport. The molded chip
was thermally bonded to another PC wafer. During use, the bonded chip did not
yield to a liquid pressure up to 150 psi (134°C, 4 metric ton, 10 min) [938].
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Moreover, a Zeonor plastic plate, normally used to manufacture CDs and
DVDs, was hot-embossed (130°C, 250 psi) using a Si master. The embossed chip
(with microchannels 60 um wide and 20 um deep) was thermally bonded to
another Zeonor plate (85°C, 200 psi, 10-15 min) [808]. In another report, a 2-
mm-thick cyclo-olefin (Zeonor 1020 R) substrate was embossed using a Si master
to create 20-um-wide and 10-um-deep channels [788].

Hot embossing of Zeonor using different molding masters was evaluated in
terms of pattern transfer quality, surface roughness, and mold reusability. Differ-
ent materials (DRIE Si <100>, wet-etch Si <110> and <100> and SU-8) were
used as the embossing masters. The thermal expansion coefficients (master and
polymer) and glass transition temperatures (polymer) were carefully evaluated in
the selection of embossing and de-embossing temperatures [209]. To help smooth
out the scalloping features on the sidewalls of Si embossing master (caused by
DRIE), a layer of Teflon or SiO, was deposited [209].

Hot embossing was also used to make polymer chips on PMMA
[149,211,215], polystyol [103,210], or PC [211,212].

Besides using a Si master, hot embossing was also carried out using a Ni
master (300 um). This was electroformed from a Si master using a Ti/Ni seed
metal layer on Si. After electroplating Ni on the Si, the Si was etched away,
exposing the opposite relief of the Ni master. The Ni master was used to emboss
on PC and PMMA substrates [213].

In another report, the Ni master was electroformed on a developed PMMA
layer (supported on a stainless steel plate). The PMMA layer (3 mm) was first
exposed to x-ray, then developed in developer solution (60% BEE, 15% morpho-
line-2-(2-butoxyethoxyl)ethanol, 5% ethanolamine, 20% water), and rinsed in a
rinse solution (80% BEE and 20% water). Thereafter, the PMMA layer was
dissolved away by methylene chloride [208].

Bonding is usually conducted thermally. For bonding PMMA plates, the
plates were immersed in a boiling water bath for 1 h to eliminate residual air. It
was found this method was more effective than the convection-oven bonding
method [215]. Alternative bonding methods were also employed. For instance,
PETG was also used to bond embossed PC substrates, because PETG has a lower
glass transition temp (81°C) than does PC (150°C) [193]. Moreover, solvent
bonding using isopentylacetate was employed for sealing two embossed PMMA
plates [214].

Room-temperature embossing on PMMA (Lucite) and copolyester (Vivak)
plates was achieved using a Si master. A hydraulic press was employed to apply
the pressure (450-2700 psi). Such a room-temperature operation will prevent
breakage of the Si master due to the differences in the thermal expansion coef-
ficients of Si and PMMA. This room-temperature procedure improves the lifetime
of the master, so that 100, instead of 10, devices per master can be embossed
[177]. For comparison, when embossing was performed at 140°C in a convection
oven using G-clamps to apply the pressure, the Si template could be used to
emboss up to 65 PMMA chips [215].
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Copolyester sheets were also embossed using a Si master (room temperature,
1600 psi, 5 min) to produce microchannels (30 um deep and 100 um wide) [821].

A PS substrate was embossed by a Si template at room temperature using
pressure (890 psi or 6.1 x 10° Pa) applied by a hydraulic press for 3 min. The
embossed PS chip was then sealed with a PDMS lid [216].

When an elevated temperature (110°C) is used to bond PMMA chips, hot
embossing must be used to create channels on the PMMA substrate, 5.1 x 10°
Pa or 740 psi for 1 h. If room-temperature embossing was used, the PMMA
channel will be distorted during the thermal bonding process [216,259].

Low-pressure embossing of PS sheets or pellets was achieved (see Figure
2.23). By using a Si template, a PDMS master was first fabricated by casting.
The curing procedures of the PDMS masters are 60°C in-mold for 12—-16 h. Then
hot embossing (210°C) was carried out for 20-60 min on a PS thin sheet (0.1
mm thick). Binder clips were used to produce the low pressure needed for
embossing (~ 360 N/cm?). In order to get rid of the air and to ensure complete
filling of fine features during embossing, in vacuo hot embossing was employed.
In this second method, the PDMS master was fabricated by curing at 60°C in-
mold for 1 h, and then 200°C off-mold for 1 h. Weights were used to create the
low pressure (0.18-0.52 N/cm?). The substrate was heated to 225°C for 3 h to
complete the process. A polished Al block was used so that the embossed PC
structure was smooth and so transparent. A special PS substrate, which was
biologically inert, was used [85].

,_m Structures in silicon

(a)

PDMS

Si Pattern transfer to PDMS
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PDMS

PS Embossing/in situ polymerization
©
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FIGURE 2.23 Scheme for fabrication of plastic microdevices from silicon master using
an intermediate soft mold. (a) Silicon structures are fabricated using conventional photo-
lithography and reactive ion etching. (b) PDMS is cured in situ over the silicon master.
(c) Polystyrene is hot embossed onto the PDMS mold or polymerized in sifu from partially
polymerized styrene. (d) Polystyrene replica is separated from the mold [85]. Reprinted
with permission from Springer Science and Business Media.
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Channels can be fabricated on a Zeonor substrate by embossing the substrate
against a fused silica capillary (360 wm o.d.) which is used as a template [217].

2.4.6 PHOTOPOLYMERIZATION

Liquid-phase photopolymerization was used to fabricate plastic chips [218, 219].
To create a microchannel, a UV photomask was used so that the masked channel
areas were prevented from polymerization, while the exposed areas were photopo-
lymerized. Subsequent suction and flushing removed the unexposed monomer
mixtures [218].

Thiolene-based optical adhesive was patterned by a photomask to form the
microfluidic channel. This material, in contrast to PDMS, is solvent resistant
[220].

In addition to fabrication of microchannels, photopolymerization was also
employed to fabricate microstructures within microchannels. Fabrication of
hydrogel structures in microchannels was first achieved by functionalizing the
glass-PDMS channel with 3-(trichlorosilyl)propyl methacrylate (TPM). Then the
channel was filled with a solution consisting of the monomer, 50% (v/v) poly(eth-
ylene glycol) diacrylate (PEG-DA), and the photoinitiator 1% 2-hydroxy-2-meth-
ylpropiophenone (HMPP) [960,1056]. PEG-DA was first purified using an alu-
mina column to remove the stabilizer and impurities. Free-radical polymerization
was initiated by UV (365 nm) through a photomask to dissociate HMPP into
methyl radicals which attacked the acrylate functionalities in both PEG-DA in
the solution and TPM at the channel wall, allowing formation and attachment of
the hydrogel structure, respectively [960].

In another report, transparent channels (of width 500200 um and depth
50-180 um) were filled with a photopolymerizable liquid mixture consisting of
acrylic acid and 2-hydroxyl methacrylate (1:4 molar ratio), ethylene glycol
dimethacrylate (1 wt%), and a photoinitiator (3 wt% Irgacure 651 or 2,2-
dimethoxy-2-phenylacetophenone). Polymerization was completed in less than
20 s to produce the hydrogel structures [221].

In another report of hydrogel formation, 2,2-bis(hydroxymethylpropionic
acid) was used as the photoinitiator [222].

A liquid preparation with solid polystyrene (0.6 g) dissolved in liquid styrene
monomer (1.5 mL) was cast against a mold. Polymerization was accomplished
with UV irradiation (21°C, 18 h). Solid PS was included to reduce the degree of
shrinkage that occurred when monomeric styrene was photopolymerized [85]. In
a similar manner, PMMA dissolved in MMA was cast against a Si master. Upon
UV polymerization (with BME as the photoinitiator), a PMMA chip is formed.
Nearly 100 PMMA chips can be replicated using a single Si master [223].

UV-curable PU precursors were cast into a mold (made of PDMS) and cured
by UV for 10 min. Several cured PU layers were stacked together to form a 3D
structure (see Figure 2.24). Microcomputer tomographic (CT) imaging was used
to visualize the stacked microstructures [160].
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FIGURE 2.24 Example of a stack of micromolded PU structures viewed by (a) optical
microscopy or (b) micro-computer tomography. Scale bar = 1 mm [160]. Reprinted with
permission from Springer Science and Business Media.

A photocurable resin (hydroxyethylmethacrylate or HEMA) was injected (by
N, gas) into two aligned PMMA channel plates for bonding and surface modifi-
cation. This method can bond PMMA plates well and produce a hydrophilic
surface coating [224].

2.4.7 OTHER PLASTIC MICROMACHINING PROCESSES

Fluoropolymers (PTFE, FEP) were used to fabricate microstructures, which were
etched by Ar ion beam etching (IBE) [225].

Channels were milled on a PMMA disk by a CNC (computer numerically
controlled) machine using end mills (of size 127-762 wm) [226,638]. Channels
were milled in PC wafers using a milling machine or direct laser writer [227].

An all-polyimide microchannel chip was created by patterning two photo-
sensitive polyimide layers, and then by laminating the two layers based on a
partially imidized interfacing layer [228,229].

Polyimide microcavities (53 pm dia. and 8 wm deep) have been fabricated
using two 4-um layers sandwiched by Au/Cr electrodes [230].

Parylene C plastic microstructures were formed by an additive process. A
sacrificial layer of photoresist was used to define the channel regions. The struc-
tures were supported on a PC substrate [139,231] or Si substrate [231,691].

Microchannels have also been directly patterned on SU-8 photoresist
[232-234,892]. Multilevel structures were fabricated using the SU-8 photoresist
[232]. In another report, the SU-8 photoresist was spun (1250 rpm for 30 s) on
an ITO-coated glass plate, which was first treated by an O, plasma to increase
the adhesion of SU-8 on ITO. The photoresist channel was of ribbon-like structure
with triangular ends (40 wm height, 10 mm width and 90 mm length). The channel
was bonded by hot-pressing to another ITO glass on top of the photoresist
structures [892]. SU-8 photoresists have also been used to create multilayered
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structures, i.e., as the channel wall materials, which were sandwiched between
Si and Pyrex or between quartz and quartz [235].

The photoresist SU-8 has been used directly to fabricate microstructures. In
order to create 400-um-high micropillars, a 400-um-thick SU-8 layer was used.
To reduce the risk of bubbles and to ensure uniformity in the SU-8 layer, two
layers of 200-um SU-8 were consecutively deposited, each with a post-exposure
soft-bake step. The exposed SU-8 layer was developed using propylene glycol
methyl ether acetate [236].

Ultra-thick microfluidic structures (up to 1.5 mm high) were fabricated using
SU-8 photoresist. Instead of using a spin-coater, a constant-volume injection
method was used to apply thick photoresist for patterning [237].

Toner particles printed on a transparency (PET) film by a laser printer was
used to fabricate a microfluidic device. It was then laminated with a blank
transparency film to form a closed device [238,239]. The complete process is
shown in Figure 2.25. The PET film is 100 pm thick and has optical transparency
above 80% in the range 400-800 pm. The toner layer is 6 um deep. Approximately
twice this depth can be obtained by laminating two printed films. Lamination

O O |

FIGURE 2.25 Schematic of the main parts generated by the single toner layer (STL)
microfabrication process: I, perforated PET polyester cover; II, printed polyester base (a,
toner layer); III, cover and base laminated together; IV, the final device (b, liquid reservoirs)
[238]. Reprinted with permission from the American Chemical Society.
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was carried out by a commercial laminator at a heating temperature of 130°C
and translation spread of 45 cm min~!. The toner is composed of a polysty-
rene/PMMA copolymer (45-55 wt%) and iron(IIl) oxide (45-55 wt%). This
material will soften and remelt in the range of 110-150°C without significant
thermal decomposition of the toner or softening of the PET polyester film. The
microchip was found to be compatible with various aqueous solutions, including
20% MeOH or CH,CN. CE separation of 100 uM of K+, Na* and Li* was carried
out using conductivity detection by copper tape electrodes [238].

An acrylic chip was fabricated by stereolithography without an assembly
process such as bonding. This fabrication method is a 3D method by solidifying
a photopolymerizable resin layer-by-layer via the scanning of a UV laser beam.
A special double-controlled surface method was adopted in order to produce a
smooth and transparent surface for high-quality optical detection [240].

A PDMS network was constructed in which the microfluidic function was
defined after assembly with square capillary (open and plugged) (see Figure 2.26).
In Figure 2.26a, a top plugged capillary and two side open capillaries allow left
and right flow to drain to the bottom channel. In Figure 2.26b, two plugged capillary
tubes on the left and right produce a vertical through channel, as shown by the
fluorescent solution (Coumarin 343). The capillary can be functionalized to form
a Ca ion sensing and pH-sensing capillary, which serve as the detection zone. Ca
and pH testing in the range of 107 to 1 M and pH 4-8 were achieved [241].

2.4.8 ProsLEMs ENCOUNTERED IN PoLYMERIC CHIPS

Polymeric materials may have some unfavorable properties for microfluidic oper-
ations, and these properties are described in subsequent sections.

2.4.8.1 Optical Properties

Different polymeric materials show different UV transmittance, as shown in
Figure 2.27. PDMS which is optically transparent down to ~ 230 nm has a lower
UV cutoff than glass [159,242]. Since the UV transparency of olefin polymers
is down to 300 nm, these materials may be better substrates than PMMA or PC
when UV radiation is used for detection [243]. PDMS has a relatively low
refractive index (n = 1.430), and this reduces the reflectance and hence the amount
of reflected excitation light and hence lowers the background [159].

There is autofluorescence emitted from the plastic substrates and bonding
materials. The fluorescent background of different substrate materials was shown
in Figure 2.28. PMMA and PDMA have similarly low fluorescent backgrounds
as glass [224]. The use of a longer excitation wavelength (530 nm) is one way
to alleviate such a problem in fluorescent detection [186]. The PDMS was reported
to be over 30 times more fluorescent than an equal thickness of borosilicate glass
[244]. The background autofluorescence of the polyolefin chip was very low, and
was determined to be only ~ 2.3 times that of borofloat glass at 520 um [245].
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FIGURE 2.26 Microscope images of PDMS channel structures constructed after assem-
bly of square capillaries. (a) T-junction: two open capillaries (100 um i.d.) face each other
(left and right). The top PDMS channel (300 um) is blocked by a plugged capillary. (b)
Straight connection: The top PDMS channel is connected to the bottom one by an open
capillary. Left and right channels are blocked by plugged capillaries [241]. Reprinted with
permission from the American Chemical Society.
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FIGURE 2.27 UV transmittance spectra of PC, PMMA, glass, and PDMS substrates
[224]. Reprinted with permission from the American Chemical Society.
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FIGURE 2.28 Fluorescence background (excitation at 490 nm) of various substrates
[224]. Reprinted with permission from the American Chemical Society.

2.4.8.2 Electrical Properties

Polymeric materials usually have low dielectric breakdown voltages. Fortunately,
the electrical insulation property of PDMS is sufficient (R > 105 Q/cm) [159].
Moreover, the use of a lower electric field (~ 1100 V/cm) helps alleviate this
problem of dielectric breakdown [556].

2.4.8.3 Thermal Properties

The thermal conductivity (in W m~!' K-!) of PDMS (0.15) appears to be sufficient,
although it is lower than PC (0.16), PET (0.2), glass (0.7-1.0), fused silica (1.38),
and silicon (124) [159,246]. Since the channels in the plastic chip are usually
narrow (i.e., with high surface-to-volume ratio), the heat dissipation properties
of the plastic (e.g., acrylic) channel compared favorably with that of a fused silica
capillary (75 pm i.d.) [186].

2.4.8.4 Mechanical Properties

Deep (> 1.5 um) PDMS channels were prone to collapse, either spontaneously
(because of gravity) or during suction [1025]. In one report, support pillars were
put within channels to avoid bowing of the deep PDMS channels (100 pm wide
and 3 um deep) during bonding to glass [985]. Furthermore, lateral collapse of
PDMS channels was observed when they were not spaced sufficiently apart, as
shown in Figure 2.29 [247].
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FIGURE 2.29 An optical micrograph showing the lateral collapse and pairing of PDMS
walls in a microfluidic channel network (1.2 um high, 0.8 um wide). Channels are blocked
(B) or left open (O) after the stresses of forming, handling, and using the channels [247].
Reprinted with permission from the American Chemical Society.

2.5.8.5 Surface Properties

The surface of native polymeric (e.g., PDMS) chips is hydrophobic. This surface
property has caused problems in filling aqueous solutions in the PDMS channels,
and in support solution transport based on electroosmostic flow (EOF).

To fill hydrophobic channels, especially in PDMS, there is a need to prime
the channels. For instance, the addition of ethanol (up to 5%) [160,247,1025] or
0.1% v/v Tween-20 [181] assisted in channel filling. When PDMS was sealed
against a hydrophilic surface, coating the channel by BSA (1% in PBS) for 1 h
appeared sufficient to provide good filling [247]. The liquid filling in thin PDMS
channels is also facilitated by a large filling pad plus a second large flow-
promoting pad [1025]. A PDMS—glass chip could be filled by immersing the chip
in the buffer solution in an ultrasonic bath for 5-10 min. The solution was filled
by ultrasonic vibrations. It was reported that no bubbles were present in the
channels [248].

The PDMS channels can also be primed with CO, gas which is readily
dissolved in aqueous solution, and so no bubbles will be formed after solution
filling [160]. It was reported that gas bubbles in PDMS channels, if formed, can
be removed by blocking the output port, and pressurizing the channel via the
input port. This method is successful because of high gas permeability of PDMS
[249].

The PDMS channel can be rendered hydrophilic by oxidation (O, plasma
treatment) [250,1025,1033]. However, the hydrophilic surface in air has a short
useful lifetime (~ 15 min) because the surface easily becomes hydrophobic again.
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Storing the treated PDMS under water maintained the channel hydrophilicity for
> 1 week [1025]. This loss of hydrophilic PDMS surface was possibly caused
by the migration of uncross-linked PDMS oligomers to the surface [251].
PDMS channels can also be rendered hydrophilic by silanization with APTES
(1% v/v) for 45 min [250]. It was found that by derivatizing the oxidized PDMS
surface by APTES produced a hydrophilic surface for more than 10 days [171].
PDMS channels can also be rendered hydrophilic by acid treatments:

0.01% HCI, pH 2.7, 43°C for 40 min [985]

5% HCI, 5 min [170]

9% HCI for 2 h [1027]

1 M HCI [250]

0.001 M HCI at 80°C for several minutes [252]
30% HCI at 25°C for 4 h [253]

The contact angles of native PDMS (110°) have been decreased to 5° (O, plasma
treatment), 45°(HCI treatment), and 75° (APTES treatment) [250].

Graft polymerization on PDMS channel surface (not channel lumen) in
enclosed channels was carried out by first adsorbing the photoinitiator (benzophe-
none) on the PDMS surface, followed by UV-mediated photopolymerization. In
this manner, the EOF stability of the PDMS channels lasts for 45 h [254]. Besides
PDMS chips, PC chips have also been chemically modified by sulfonation (using
SO, gas) to produce hydrophilic surfaces [255].

The EOF in PDMS is 10-fold less than those found in glass or fused silica
[159], but the oxidized PDMS chip yields negatively charged channels which then
support EOF [256,1033]. It was found that the oxidized PDMS chip produced a
significant increase in EOF compared with the native PDMS chip (at low ionic
strength solution near neutral pH). However, in the presence of high ionic strength
buffer (e.g., biological buffer) the increase of EOF by oxygen plasma treatment
was minimal, suggesting this treatment is not useful to increase rate of EOF. If
not kept in an aqueous solution, the PDMS surface would lose its hydrophilicity
with a half-life of 9 h. The EOF can be regenerated by exposing the PDMS channels
to a strong base (e.g., 1 M NaOH), though a long and inconvenient 3-h incubation
time was needed. Such a loss of hydrophilicity was illustrated by the disappear-
ance of the OH band in the ATR-IR spectra, as shown in Figure 2.30 [256].

However, in one report, it was mentioned that even native PDMS supported
EOF, which was stable based on flow and contact angle measurements. It was
postulated that the surface charge of PDMS was probably dictated by the amount
of silica fillers present in the PDMS pre-polymer formulations [302].

Hydrophilicity of polymeric channels can also be increased by photoablation.
For instance, polymeric channels (37 wm deep) were photoablated through a
copper foil mask. Relative to the original polymer, the photoablated surface is
rougher and has increased hydrophilicity. The EOF increases in the following
order: PC < PS < cellulose acetate < PET [194]. The excimer laser ablation has
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FIGURE 2.30 Measurement of the infrared absorbance of PDMS by ATR. (a) A PDMS
substrate immediately after treatment with an oxygen plasma. (b) A PDMS substrate treated
with an oxygen plasma and then incubated in air for 3 h [256]. Reprinted with permission
from Elsevier Science.

also been exploited to increase the surface charge of the PMMA channel at a 90°
turn, reducing band broadening (plate height) by 40%. [257].

In composite plastic microchannels, there is an additional problem of extra
dispersion (Taylor dispersion) in EOF which is caused by the difference in zeta
potentials of the different materials forming the channels [258]. Caged fluorescent
dye (fluorescein bis[5-carboxymethyoxy-2-nitrobenzyljether dipotassium salt)
was used to visualize the greater dispersion obtained in acrylic or composite
channels due to non-uniformity in the surface charge density [259].

On the other hand, if a hydrophobic channel, the oxidized PDMS chip can
be placed at 90°C in order to recover the hydrophobicity of the channels [260].

2.4.8.6 Solvent-Resistant Properties

Although PDMS is swollen by many organic solvents, it is unaffected by water,
polar solvents (e.g., ethylene glycol), and perfluorinated compounds [367]. A
detailed study of solvent compatibility of PDMS has been reported. It was found
that non-swelling solvents include water, nitromethane, DMSO, ethylene glycol,
acetonitrile, perfluorotributylamine, perfluorodecalin, and propylene carbonate
[251]. The compatibility of PDMS to other organic solvents can be improved by
coating the PDMS surface by sodium silicate [261].

Chemical vapor deposition (CVD) of poly(para-xylylene carboxylic acid
pentafluorophenolester-co-para-xylylene] (PPX-PPF) on PDMS can prevent it
from solvent swelling [262].
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Unlike PDMS, Zeonor chips have strong chemical resistance to alcohols,
ketones, and acids [808]. In addition, Zeonor has lower water absorption (<
0.01%) than PC (0.25%) and PMMA (0.3%) [808].

2.5 METAL PATTERNING

Metal layers have been deposited on microchip substrates. The metal layer was
either used as an etch mask in micromachining, or used for detection (e.g., as
metal electrodes for electrochemical detection). Various metals have been used
as the overlayer and adhesion layer, as summarized in Table 2.10.

As an etch mask, Cr/Au was usually employed in which Cr was used as an
adhesion-promotion underlayer. In some cases, only Cr was used as the etch
mask, mainly on quartz [150,263,264]. In addition, a thick Au film (200 nm) was
used as an etch mask to reduce the number of pinholes [108].

In the case of using Ti/Au as an etch mask for HF etching, the exposed Ti
edges in Figure 2.31 was passivated by electroplating in a gold sulfide bath (at
55°C) to produce a 250-nm Au coating. This will prevent attack of Ti by HF,
causing undesirable undercutting [123].

To ensure sufficient adhesion of photoresist on the Au/Cr etch mask on a
glass wafer, an adhesion layer of hexamethyldisilazane was coated [265].

As metal electrodes, various combinations, such as Cr/Au, Ti/Au, Au only,
Pt/Cr, and Pt/Ti, have been used. A thin 10-nm Au layer was sometimes used
because it was transparent to the visible wavelength (abs 0.2-0.3) [133, 363].

The lift-off process is usually employed to fabricate metal electrodes. This
method, as opposed to the wet-etch process, allows the dual-composition elec-
trode to be patterned in a single step [747]. In order to achieve well-defined metal
electrodes in a channel recess using the lift-off technique, the metal (Pt/Ta) will
not be deposited onto the sidewalls of the photoresist structure (see Figure 2.32).
This discontinuity of the deposited metal layer around the sidewalls allows metal
on the resist to be removed cleanly from the surface without tearing away from
the metal on the surface. Thus negative resists were used because they can be
easily processed to produce negatively inclined sidewalls. To achieve this, the
photoresist is subjected to underexposure, followed by overdevelopment [141].

To fabricate an array of 1000 non-intersecting Au electrodes on glass, mul-
tilayer lithography was used, and Si;N, was used as the insulating layer [266].

In PDMS chips, metal electrodes cannot easily be made on PDMS because
of its pliable nature. So the Au/Cr microband electrodes have first been formed
on a glass plate, which was then aligned and sealed with a PDMS channel plate
[748].

Usually, photolithography was employed to create a metal etch mask for wet
etch. However, PDMS channels have also been used to confine the etchant (aqua
regia) to pattern gold-coated glass plates [267]. In this method, special treatment
was needed to ensure good sealing of the PDMS layer to the gold surface by
rendering the sealing surface to be hydrophobic, and yet retaining the hydrophi-
licity of the channels for easy liquid filling (see Figure 2.31).
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TABLE 2.10

Metal Patterning on Microchips

Au on PMMA

Au on Si

Au on glass

Au on polycarbonate

Au on polyurethane

Au on SU-8 vertical wall
C on plastic

Pd on glass

Pt on PMMA

Pt on glass

Pt on Si

Ti on PMMA

Au (10 nm)/Cr (5 nm)
Au (200 nm)/Cr (20 nm)
Au (30 nm)/Cr (30 nm)
Au (1 pm)/Cr (50 nm)
Au (50 nm)/Ti (10 nm)
Au (45 nm)/Cr (1.5 nm)
Au (200 nm)/Cr (20 nm)
Au (250 nm)/Cr (50 nm)
Au (400 nm)/Cr (60 nm)
Au (400 nm)/Cr (60 nm)

Au (38 nm)/Ti (5 nm)
Au (50 nm)/Ti (5 nm)
Au (500 nm)/Ti (25 nm)

Au (100 nm)/Ti (5 nm)
Au (450 nm)/Ti (100 nm)
Au (350 nm)/Cr (20 nm)
Au (12 nm)/Ti (1.5 nm)

Conductive ink (20-100 pm)

Pd (200 nm)/Ti (20 nm)

Pt (200-300 nm)/Cr (40-60

nm)
Pt (200 nm)/Cr (50 nm)
Pt (90 nm)/Ti (10 nm)
Pt (~ 150 nm)/Ti (5 nm)
Pt (200 nm)/Ti (30 nm)
Pt (200 nm)/Ti (20 nm)
Pt (200 nm)/Ti (10 nm)
Pt (260 nm)/Ti (20 nm)
Pt (300 nm)/Ti (10 nm)
Pt (150 nm)/Ta (20 nm)
Pt (300 nm)
Pt (150 nm)/Ti (10 nm)
Pt (500 nm)/Ti (30 nm)
Pt (100 nm)/Ti (30 nm)
Pt (200 nm)/Ti (10 nm)
Ti (1 um)

199

178

249

727

459

955

281
717,718
96

98

367
369
370

365
311
371
372
373
374
375
376

377

270

131

323, 615
670

282

745

747

141, 280
458

100

378

96, 98
146

379

Other non-conventional masking methods include etching as defined by (1)
marker ink masking and (2) laminar flow of etchants in channel. These methods

were used to fabricate metal electrodes for EC detection [268].
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FIGURE 2.31 Glass substrates before and after etching by 48% HF when the etch masks
are (a) sputtered Ti (50 nm)/Au (200 nm) and (b) sputtered-gold titanium passivated
with electroplated gold [123]. Reprinted with permission from the Institute of Physics
Publishing.
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FIGURE 2.32 The electrode formation on glass by metal lift-off technique without dep-
osition on the channel sidewalls [141]. Reprinted with permission from Wiley-VCH Verlag.

In addition to etching, electroplating has also been used to create metal
electrodes. Gold electrodes have been prepared from Pt wire by electroplating
the wire tip using a plating solution (20 mM, AuCN, 23 mM KCN) [120]. In the
construction of a Pt thin film heater (200 nm Pt/20 nm Ti), gold was electrode-
posited (to 5 um) onto a certain region of the Pt/Ti layer to form low-resistance
heater leads [269]. Pt black was deposited on Pt to reduce its impedance by using
a solution of 2.5% chloroplatinicacid/0.05% lead acetate [270]. Chloroplatinic
acid (H,PtCly) (and lead acetate as an additive) was used for depositing Pt
nanoparticles on the Au electrode [242].

Electrodeless electrodeposition has been performed to produce silver and Ni
electrodes [125,271] and Au electrodes [272].

In addition to metal, other materials such as ITO [134,273-275,727,869] or
graphite [291] were used as electrodes on microfluidic chips.
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FIGURE 2.33 Creation of a hydrophilic PDMS channel with hydrophobic sealing. (a)
The native PDMS surface with methyl groups. (b) After treatment with a O,—plasma, a
hydrophilic surface with exposed OH-groups is obtained. (c) The hydrophilic PDMS
surface is in mechanical contact with a native PDMS surface. (d) Rearrangement of the
PDMS surface leads to its hydrophobic recovery. (e) A hydrophilic channel with hydro-
phobic sealing is obtained [267]. Reprinted with permission from Elsevier Science.

To facilitate leak-free fusion bonding of chips consisting of metal electrodes,
the metal layers were deposited in pre-etched recesses on chips
[141,276-280,747,1127].

Thermal degradation of the Au/Cr metal layers has been reported. In one report,
room-temperature bonding was used to avoid the grain-boundary diffusion (from
the Cr adhesion layer to the Au overlayer) [748]. This phenomenon has been studied
using Auger electron spectroscopy (AES). It was found that when the glass plate
was heated at 200-800°C, diffusion of Cr into the upper Au layer easily occurred,
and Cr got oxidized at the surface [281]. However, Pt/Ti have been proven to be
among the few metals capable of withstanding thermal bonding without significant
resistivity change due to oxidation [282].

2.6 WORLD-TO-CHIP INTERFACE

After glass bonding, solution reservoirs were created over access holes to hold
reagents. The reservoirs were formed by various methods. Most commonly, short
plastic or glass tubings were glued to the access holes using epoxy resin. Septa
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have also been used to define reservoirs around drilled holes. The septa were
compressed on the chip using Plexiglas support plates [804,806,809,812]. In some
reports, a thick coverglass plate (17 mm!) with drilled holes (3 mm i.d.) as
reservoirs was thermally bonded to the channel plate to create 17-mm-deep
solution reservoirs [33,283,284].

On the other hand, thick PDMS slabs (with punched holes) have been directly
placed on the chip and aligned with the access holes to create solution reservoirs
[285,329,557,610,745,1017]. Usually, no sealant is needed, but in one report, a
silicone sealant was used to attach the PDMS slab [813].

In order to avoid any change in the buffer concentration caused by solution
evaporation, the solution reservoir was sealed with a thin rubber septum, in which
there was a small hole in the septum for Pt wire electrode insertion [107,148,286].
With this strategy, good reproducibility (RSD of peak area and migration time
are less than 1.3% and 1.2%, respectively) can be maintained [107].

Moreover, a liquid overflowing structure was constructed, consisting of a semi-
circular trough holding sample overflow and maintaining a constant sample level
in the reservoir [287]. Another strategy for alleviating the solution evaporation
problem is to create a replenishing well which is connected to the reagent well
[288]. Change of buffer concentration due to electrolysis was alleviated by using
a porous bridge which separated the electrode from the buffer solution [289]. A
porous membrane was placed in the solution reservoir to isolate the electrode from
the fluidic channel and to prevent air bubbles from entering the channel (290)

When high voltages are used, the solution reservoirs should be sufficiently
apart to avoid electric arcing [107]. PDMS layers have also been employed to
prevent arcing between adjacent electrodes which are inserted in the access holes
[1007]. A graphite ink electrode was integrated on a COC chip at the reservoir
locations for application of electric voltage for CE [291].

Pt electrodes for CE high voltage were embedded into PDMS pre-polymer
cast against a mold. Upon curing, the Pt electrodes were well positioned at the
solution reservoirs of the PDMS chip [292]. Metal electrodes were pierced
through the PDMS well when the chip was mounted [293].

A miniaturized high-voltage power supply (powered by batteries) was con-
structed for portable microchip work [293].

A reversible tubing connection on the Pyrex cover plate can be made on
access holes fabricated by electrochemical discharge drilling [135]. In this case,
hourglass holes can be formed by drilling from both sides of the glass plate, as
shown in Figure 2.34. This hourglass hole allows the attachment of a rubber
tubing. To create a threaded hole, a cylindrical hole was first created (see Figure
2.35a). Then a coiled nickel wire was used as a cathode during drilling to transfer
the threaded pattern (see Figure 2.35b)[135]. Subsequently a thermoplastic was
melted into the hole to form a mating plastic screw for creating the reversible
interconnect. Teflon capillary tubing was attached to a glass plate by first inserting
the tube into the access hole on the plate, and then thermally deforming the tube’s
end and gluing it with high-temperature epoxy [294].
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FIGURE 2.34 (a) An hourglass-shaped interconnect on a glass plate with tubing attached,
and (b) a detailed view of the hourglass-shaped interconnect [135]. Reprinted with per-
mission from the Institute of Physics Publishing.

FIGURE 2.35 (a) A cylindrical glass hole and (b) the final threaded interconnect [135].
Reprinted with permission from the Institute of Physics Publishing.
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FIGURE 2.36 A schematic diagram of port interface showing both the pressure port and
electrical connection [295]. Reprinted with permission from Springer-Verlag.

A multiport flow control system was constructed on a glass chip. The port
interface, which has both an electrical contact and a pressure connection, is shown
in Figure 2.36 [295,296].
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In order to reduce variations in flow due to secondary forces such as capillary
forces within reservoirs, the flow resistance at each port is increased by using a
long serpentine path as a flow restrictor (see Figure 2.37). This chip design also
contains the so-called pair-well design so that two channels from the pair wells
(e.g., wells 1 and 8) are connected to a common node. Since the pair channels
have the same flow resistance, the change of flow in one channel could be easily
compensated by that from another channel and so keeping the main channel flow
constant. For instance, a 40% flow in the main channel can be achieved by either
—4% from well 1 and +44% from well 8, or 4% from well 1 and 36% from well
8 [295].
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FIGURE 2.37 Chip design optimized for experiments using hydrodynamic flow control.
The chip has the pair-well design suitable for dilution and enzymatic studies [295].
Reprinted with permission from Springer-Verlag.
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A fluidic interface was constructed to allow fast chip positioning, channel
washing, and electrolyte filling [297]. A socket was designed for the chip-to-
world interface, in which the open and closed states are shown in Figure 2.38
[298].

One-louch
lock

Module cover

Silicone tube

Acrylic module
Screw valve
Fluidie chip
Chip guide

Lead spring

—ﬁ,_—

FIGURE 2.38 Schematic drawings of the cross section of the socket for quick mount and
dismount of a fluidic chip (not to scale). The upper diagram shows the structure of the
socket in the open state. The silicone tubes are extended slightly out of the acrylic plate.
In the screw valve, a ball is inserted to avoid the damage directly from screw to silicone
tube. The fluidic chip is aligned easily by following the chip guide. The bottom diagram
shows the socket in the closed state for testing. The extended silicone tubes are deformed
and serve as O-rings to seal the flow channel ports on the fluidic chip. The lead spring
for electrical connection is contacted firmly to the lead pads formed on the backside of
the chip. Both fluidic and electrical connections are adhesive- and solder-free [298].
Reprinted with permission from Elsevier Science.






3 Microfluidic Flow

The liquid pumping in the microfluidic chip is mostly achieved by using electro-
osmotic flow (EOF) [324]. Other liquid pumping methods have also been
employed for microfluidic flow. Flow has been employed for fraction collection
and generation of concentration gradient. Laminar flow in the microfluidic chan-
nel allows liquid—liquid extraction and microfabrication to occur within the chan-
nels. Moreover, valving and mixing are needed in order to achieve a better flow
control. All these microfluidic flow operations are further described in subsequent
sections.

3.1 LIQUID PUMPING METHODS
3.1.1 EiLectroosmorTic FLow (EOF)

Electroosmotic flow has been the main liquid pumping method because it
does not require moving parts. The EOF in a network of channels has been
modeled by the electric current flowing in a network of resistors using Kirchoff’s
rules. On the basis of this study, a better control of liquid flow can be achieved
by designing channels of different solution resistances and by applying different
voltages [324]. Surface modification of the microchannel is sometimes necessary
to manipulate the direction and magnitude of EOF (see section 3.2.1).

For a better flow control using only EOF, secondary hydrodynamic flow
(HDF) should be avoided. This could be achieved by ensuring that all solution
reservoirs were filled to the same liquid level to avoid HDF [159]. In addition,
HDF could be prevented by closing the inlet reservoir to the atmosphere using a
valve. In this way, better EOF control and more reproducible CE separation (RSD
of migration time decreased by 10-30 times) can be achieved [631].

Liquid pumping by EOF with less pH dependence was fabricated on a glass
chip (see Figure 3.1). The liquid was pumped from two 500-um-wide side
channels, which contain anionic exchange beads and cationic exchange beads (5
um dia.), to the field-free main channel (100 um wide). At low pH, the cationic
exchange beads are protonated, and thus this channel is pumping, but the anionic
exchange beads are neutral at low pH and so this channel is non-pumping. The
reverse occurs at high pH. In this manner, the flow dependence at low and high
pH compensate each other, which produces an enhanced flow rate at low pH.
However, there is some backflow from the pumping channel into the non-pumping
channel. To remedy this, the 1.5-mm section of a 50-um-wide channel was filled
with smaller-sized beads (0.5 um dia.). This prevents backflow into the non-
pumping channel, thus enhancing the flow rate at higher pH and resulting in less
pH dependence in the EOF speed [325].

55
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FIGURE 3.1 Schematic diagram of the microchip design of an EOF pump, which consists
of a 100-um-wide main channel and two 500-um side channels. The side channels are
filled with cation exchange and anionic exchange beads (5 wm). At the appropriate pH
(e.g., low pH), only one side channel is pumping (e.g., cationic) and the other one is non-
pumping (e.g., anionic). The 50-pum constriction of the pumping channels reduces backflow
through the non-pumping section at pH extremes by increasing the resistance to hydro-
dynamic flow into the non-pumping section [325]. Reprinted with permission from the
American Chemical Society.

3.1.2 Pressure-DrIVEN FLow

Hydrodynamic flow (HDF) in microchannels can be driven by pressure, and this
is normally achieved by using a pump as in HPLC or by using suction.

Pressure-driven liquid flow can also be achieved by a piezoelectric actuator
and a pivoted lever for linear displacement amplification (nine-fold) on a PMMA
chip. Flow rate of 1 nL/min has been attained [380].

Hydrostatic flow (based on liquid level difference) has been used to introduce
beads into microchannels. This method has been found to be superior to the use
of HDF [959].

A reduced pressure was employed to create liquid flow so as to facilitate
filling of PDMS channels with aqueous solutions. Better results, without trapped
air bubbles, are achieved, as compared with the methods by capillary force or
pressure gradient. This technique also allowed the filling of a 3D microchip when
a single solution entry was used, and a reduced pressure was simultaneously
applied to all 11 reservoirs. This was achieved by placing the whole chip under
a reduced pressure [381].
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FIGURE 3.2 Basic mechanism of aerodynamic focusing by air sheath flow. Undisturbed
interaction of injected liquid flow with the channel walls and air sheath flow produces a
stable two-phase flow configuration throughout the microchannel. Channel height is 100
wm [382]. Reprinted with permission from Springer Science and Business Media.

A focused pressure-driven liquid flow in a PDMS chip has been achieved
[382]. By applying a vacuum (45 mmHg) at the outlet reservoir, a stably focused
air—water HD flow is formed, as shown in Figure 3.2. The focused flow of liquid
is very stable in a hydrophobic channel, as shown by the cross-section images
of the fluorescein solution in the channel (Figure 3.3b). However, in a hydrophilic
channel, the focused flow of liquid is not stable, as shown in Figure 3.3a. This
observation can be explained by the high aqueous solution affinity of the hydro-
philic channel wall, which pulls the water column towards the top and bottom
channel walls and splits the column at the “neck” region.

3.1.3 CenTRIFUGAL PUMPING

Besides EOF and HDF, another pumping mechanism is employed to generate the
microfluidic flow. For instance, centrifugal pumping was used to drive fluids
through microchannels in a rotating plastic disk. The fluids are loaded at the
center of the disk. Various flow rates (5 nL/s to > 0.1 mL/s) were achieved in
channels of different dimensions and at different rotation speeds (60—3000 rpm).
This pumping method provides a wider range of flow rates as compared to EOF
(10 nL/s to 0.1 uL/s) or HDF (10 nL/s to 10 pL/s). In addition, the centrifugal
flow is insensitive to various physiochemical properties (e.g., pH, ionic strength)
of the liquids and works well even in different conditions of the channel (e.g.,
wall adsorption, trapped air bubbles). Therefore, this method can be used to pump
aqueous, biological, and organic liquids. However, one limitation of the centrif-
ugal flow is that the flow direction cannot be reversed [1042]. A recent review
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FIGURE 3.3 Cross-sectional images of liquid column in (a) hydrophilic channel and (b)
hydrophobic PDMS channel. Water containing fluorescein was used as a sample liquid in
confocal microscopic imaging [382]. Reprinted with permission from Springer Science
and Business Media.

on centrifuge-based fluidic platforms reported the use of centrifugal pumping to
transport fluids inside plastic microchips [383].

Besides pumping, centripetal acceleration is created. A maximum fluid rota-
tional velocity of up to 12 m/s, and a corresponding radial acceleration in excess
of 10° g have been produced within a diamond-shaped microchamber (55 x 55
wm). This notch chamber was constructed along the side wall of an otherwise
straight channel (30 um wide, 30 um deep) which was fabricated on a PDMS
chip. This microstructure caused flow detachment at the opening of the notch,
leading to recirculating flow of microvortex inside the notch [384].
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3.1.4 ALTERNATIVE PUMPING PRINCIPLES
3.1.4.1 EOF-Induced Flow

The EOF can induce a liquid flow in a field-free region, and this is termed as the
EOF-induced flow. This flow can be generated at a T-intersection [816] or near
a thin gap [385,386]. At a T-intersection, EOF was first initiated to a side arm,
rather than to the main channel. However, when the side arm was coated to reduce
EOF, a flow was induced in the field-free main channel, resulting in an EOF-
induced flow (see Figure 3.4). This strategy has been used to maintain a stable
electrospray for MS analysis [816].

The EOF-induced flow has also caused preferential mass transport of anions
(relative to cations and neutrals) into the field-free main channel (see the elec-
tropherogram in Figure 3.5) [387]. This is because the EOF (after its reduction)
can on longer overcome the negative electrophoretic mobility of the anions in
the side channel. Therefore, the anions can only flow in the field-free channel,
but not in the side channel, as shown by the fluorescent images in Figure 3.6.
This effect is even greater for doubly charged anions, as compared to a singly
charged anions [387]. Selective ion extraction was enhanced by using an addi-
tional HDF applied to the field-free channel. An increase in the pressure applied
at the field-free channel increased the amount of extraction of negatively charged
ions into this channel [388].

The EOF-induced flow can be achieved without differential coating on the
glass channel. The flow can be formed when the solution flowing in the main
channel is at a high concentration and that in the side stream is at a low concen-
tration. The induced flow is greater for a higher concentration difference [389].
The EOF-induced flow has been employed to eject or withdraw reagents via
apertures (rather than side channels) for the development of an artificial synapse
chip (to eject neurotransmitter molecules) [344].

The EOF-induced flow has been amplified by using multiple capillary chan-
nels (of width 1-6 um), so that the multiple flow streams are combined to produce
adequate hydraulic pressure for liquid pumping (see Figure 3.7) [115]. The
multiple channels (100) ensure the generation of sufficient flow rate (10-400
nL/min), while the small dimensions (of depth 1-6 wm) result in the necessary
hydraulic pressure to prevent pressurized backflow leakage (up to 80 psi) [115].
Based on a similar approach, a narrow-gap EOF pump was constructed to produce
~ 400 Pa pressure with 850-nm-deep channels cascaded in three stages to produce
a 200-um/s flow velocity [390]. Another pump was constructed with 130-nm-
thin channels cascaded in 10 stages to produce 25 kPa pressure [264].

3.1.4.2 Electrochemical Bubble Generation

Liquid pumping or dispensing was achieved on a Si—Pyrex chip based on electro-
chemical generation of gas bubbles (H, and O,) at Pt electrodes [309,391]. To
ensure accuracy in the dispensing volume, an AC impedance measurement (at 200
kHz) of gas volume using interdigital electrodes was adopted. This method is
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FIGURE 3.4 CCD images of 100 pM rhodamine B in water obtained at the intersection
of a side-arm channel with a main channel on a microchip, applying a positive potential
at the top channel relative to the side arm and using (a) all native glass surfaces, and (b)
a native glass main channel and a linear polyacrylamide surface coated side-arm channel
[816]. Reprinted with permission from the American Chemical Society.

superior to the simpler method of coulometric charge measurement that did not
account for the catalytic back reaction (by Pt) of H, and O, to water and for the
dissolution of gases [309]. Figure 3.8 shows two such devices (A and B) fabricated
on the same chip. Each of them comprises two connected bubble reservoirs filled
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FIGURE 3.5 Electropherograms showing the separation of a cation (TRITC-Lys-Lys), a neu-
tral (TRITC-Arg), and an anion (TRITC-Gly) at detection points 0.05 cm down each arm of
the T-intersection [387]. Reprinted with permission from the American Chemical Society.

FIGURE 3.6 A neutral (TRITC-Arg; A and D), a singly charged anion (TRITC-Gly; B
and E), or a doubly charged anion (TRITC-Asp; C and F) is continuously electrophoresed.
Preferential transport of anions into the field-free channel (ff) at a tee intersection. The
electro-osmotic velocity in the side or ground channel (g) has been reduced relative to

that in the separation channel (sep) by selectively coating the ground channel with a viscous
polymer [387]. Reprinted with permission from the American Chemical Society.
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FIGURE 3.7 Diagram of the microfabricated electroosmotic pumping system. (1) Open-
channel electroosmotic pump, (2) micropump inlet reservoir, (3) micropump outlet reser-
voir, (4) double-T sample injection element, (5) channel for sample infusion or separation,
(6) sample inlet reservoir, (7) sample waste reservoir, (8) channels for sample inlet, (9)
channels for sample outlet, (10) ESI emitter to a MS detector. The inset shows an expanded
view of the micropump outlet reservoir (3) containing the porous glass disk [115].
Reprinted with permission from the American Chemical Society.
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FIGURE 3.8 Proposed dual liquid dosing system layout, geometry, and electrical con-
nections based on electrochemical bubble generation [309]. Reprinted with permission
from the Institute of Physics Publishing.
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with a redox inactive electrolyte solution (e.g., 0.5 M KNO;). This reservoir is in
hydraulic contact (at the filling port) with the meander structure (with a volume
of 1.5 uL) containing the liquid to be pumped or dispensed. The other end of the
meander structure is connected to the carrier channel to which the liquid is to be
delivered. The interdigital sensor/actuator (S/A) electrodes act both as an actuator
(producing gas bubbles) and as a sensor (for impedance measurement). To limit
diffusion of dissolved gases, and yet to provide the ohmic contact between the O,
and H, bubble reservoirs, a chevron-shaped channel structure is located between
the two reservoirs to act as a diffusion barrier. Since H, is produced at a volume
twice as large as the O, production, the volume of the H, bubble reservoir (1.0
UL) is twice as large as that of the O, reservoir (0.5 uL). The 100-um channels
were etched on the Si wafer, coated with 250-nm-thick thermal SiO, for insulation.
The Pyrex cover is sputtered with the electrode pattern (25 nm Ti/500 nm Pt) [309].

3.1.4.3 Thermally Induced Pumping

The thermal effect is exploited to produce liquid pumping. For instance, a ther-
mocapillary pump was constructed. The pumping method is based on surface-
tension change due to local heating created by heaters fabricated on a Si—Pyrex
chip. This method was used to pump reagents to perform successive PCR, gel
electrophoresis, and detection [392,393].

Thermopneumatic pressure was generated on a Si—glass chip to pump discrete
droplets (see Figure 3.9). Trapped air (100 nL) was heated by a resistive metal
heater (by tens of degrees Celsius) to generate an air pressure of about 7.5 x 1073
Pa. A flow rate of 20 nL/s could be obtained on channels using a heating rate of
~ 6°C/s. Hydrophobic patches were used to define the location of the discrete
droplet and to prevent the liquid from entering the zones of the trapped air and
the vent [394].

A thermal-bubble-actuated micropump was constructed in which pumping was
caused by periodically nucleating and collapsing air bubbles [395]. As shown in
Figure 3.10, the pumping chamber was connected to two nozzle-diffuser flow
controllers. When the resistive heater below the chamber heated up, the air bubble
expanded and more liquid flowed out to the outlet (left) than to the inlet (right).
On the other hand, when the bubble collapsed, more liquid flowed in from the
inlet (right) than from the outlet (left). With this arrangement, a maximum flow
rate of 5 uL/min is generated when the heating pulse is 250 Hz at a 10% duty cycle.

Thermoresponsive hydrogels based on N-isopropylacylamide were incorpo-
rated in a glass chip as actuators for liquid pumping. A PDMS membrane (15-40
um) should be used to cover the hydrogel actuators which are situated at right
angles to the channel direction, because the actuator cannot be used to displace
liquid with which it is in direct contact. The response time in gel swelling is
slower than that in gel shrinking [396].
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FIGURE 3.9 Thermopneumatic pressure generated for discrete liquid drop pumping. (a)
Schematic of the discrete drop pumping device. (b)—(e) Operation of the discrete drop
pump [394]. Reprinted with permission from the American Chemical Society.
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FIGURE 3.10 Principle of the thermal bubble-actuated pump. Q,: flow at the diffuser;
Q,: flow at the nozzle [395]. Reprinted with permission from the Institute of Physics
Publishing.

3.1.4.4 Surface Energy

Capillary forces were used to pump reagents through Si microchannels [397,459].
Additional gradients in surface pressure, which could be created by electrochem-
ically generating and consuming surface-active species at the two ends of a
channel, have been used for liquid pumping [369].

Surface energy present in a small liquid drop at the inlet reservoir was used
to pump the liquid through a PDMS microchannel [398].

3.1.4.5 Pneumatic Control

Pneumatic (N,) pumping is also used to introduce liquid samples (e.g., probe
DNA) in microchannels via a 10-port gas manifold. This method appears to be
more effective than the use of EOF [959].

Bidirectional liquid flow can be controlled on a PMMA chip by using pneu-
matic control air coupled with a suction structure (a constriction with converging
and diverging cross sections) and an exclusion structure [399].

3.1.4.6 Magnetohydrodynamic (MHD) Pumping

An AC MHD micropump was constructed on a glass plate patterned with gold
structures (30 wm) to define the channels. The glass plate was then laminated
with another glass plate. A maximum flow of 40 wm/s can be achieved using a
1-M KClI solution. The AC frequency was optimized to be 2.44 kHz because if
the frequency was too high, eddy current in the gold film generated too much
heat and raised the solution temperature to 150°C! If the frequency was too low,
undesirable electrolysis occurred [400].

Different electrode pairs were fabricated at different arms of a channel net-
work in a Si-Pyrex chip for AC MHD pumping (see Figure 3.11). These electrode
pairs allow fluid switching to occur. In AC MHD pumping, Lorentz force is used
to pump electrolyte solution (e.g., 1 M NaCl). When an AC current (189 mA)
flows through an electrode pair in the presence of a magnetic field (0.024 T), a
flow of 0.3 mm/s is obtained [401].
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7

MHD pump
electrode pair

FIGURE 3.11 Complex microfluidic circuitry of a magnetohydrodynamic (MHD) micro-
pump. The inset shows a close-up of the circuitry of a slightly different channel design
[401]. Reprinted with permission from Springer Science and Business Media.

3.1.4.7 Evaporation

Liquid evaporation was employed for liquid pumping in Si—glass microchannels.
With hydrophobic patterning at the outlet reservoir, the evaporation rate at the
liquid meniscus was controlled to produce a flow rate of 5 nL/min. The hydro-
phobic region was patterned by an Al mask using a silane solution (FDTS) [146].
Evaporation-based pumping was conducted on a Plexiglas device using a
sorption agent (molecular sieve). A flow rate of 35 nL./min was obtained [402].
Liquid flow in a glass chip was generated by evaporation at the channel end.
A transport speed of 2.25 mm/s in 110- X 28- wm channels was attained. With a
fan, the liquid flow speed was increased because of forced evaporation [403].

3.1.4.8 Miscellaneous Pumping Methods

Ultrasonic vibration (49 kHz) of a PZT disk adhered to a Si chip through a thin
Si diaphragm was used for degassing in a portable dialysis system. When the
dissolved O, in the dialysate is reduced to 6 ppm (from 8 ppm), no O, gas bubbles
will be generated inside the dialyzer during normal operation [404].

A ferrofluidic magnetic micropump was constructed on a Si chip. Operation
relies on the use of magnetically actuated plugs of ferroliquid (a suspension of
nano-sized ferromagnetic particles), which is immiscible with the pumped fluid
[301].

Additional pumping principles based on magnetohydrodynamics [405—407]
and electrodynamics [408] have also been exploited for microfluidic pumping.
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TABLE 3.1
Various Mathematical Modeling and Stimulation Methods to Study
Microfluidic Flow

Topics of Study References
Electrokinetic Flow

EK flow in microchannels 519-527

EK flow in structured channels 526, 528

EK sample injection 529-531

Electrokinetic focusing 532

Field-amplified sample stacking 579

Dispersion 258, 533, 534, 258
Dispersion at channel turns 535-543

Hydrodynamic Flow

Hydrodynamic flow in microchannels 445, 442, 544, 545
HDF in structured channels 236, 471

Sample injection 546

Dispersion 118

3.1.5 Microrruipic FLow MODELING STuDY

Mathematical modeling and computer simulation have been applied for various
flow studies in rectangular microchannels (see Table 3.1). An equation to describe
the flow in a rectangular channel has been given [124]. Simulation of fluid flow
can be conducted by solving the coupled Poisson and Navier—Stokes equation
for fluid velocity [532]. However, this complicated computation has been sim-
plified by solving the Laplace equation for the electric field because it is propor-
tional to fluid velocity [321].

Modeling study has been applied to investigate the dispersion occurring at
the channel turns. Resolution enhancement for microchip separation requires
longer serpentine channels to be fabricated. This creates dispersion problems due
to the turn geometry, as seen in the simulation and experimental results in channels
containing constant-radius turns shown in Figure 3.12. Various approaches have
been employed to reduce the dispersion. For instance, compensating turns, which
have constrictions to even out the differences in the path lengths and electric field
strengths of the inner and outer tracks at the turns, have been proposed [535,971].
Simulation and experiments (using photobleached or caged-fluorescence dye
(visualization) were employed to illustrate the improvement obtained by using
compensating turns (see Figure 3.13) [535]. The advantage of the use of tapered
turns over non-compensating (90° or 180°) turns was applied to CGE separation
of DNA samples [409].

Caged fluorescent dyes have been used to measure EOF in microchannels [410].
A nanosecond N, laser pulse first activated a caged fluorophore, and its subsequent
single-molecule detection was used to measure velocity of liquid flows, which
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FIGURE 3.12 Simulation (left column) and photobleached-fluorescence visualization
(right column) of an analyte band traveling around a constant-radius corner. In both cases
the channel is 250 um wide. In the experiments, the channels were ~ 40 wum deep [535].
Reprinted with permission from the American Chemical Society.

ranged from slow laminar flow to fast near-turbulent flow [411]. Unfortunately, it
was found that the dyes increased EOF in PMMA, PC, and PDMS microchannels,
though the dyes did not affect the flow in a fused silica capillary [410].

Other methods for flow measurement include the use of fluorescence corre-
lation spectroscopy to trace the hydrodynamic flow of a fluorophore in a Si
microchannel [412]. Velocity of flowing particles was measured using SCOFT
detection as described in Chapter 7, Section 7.1.3 [413].

Flow measurement has been achieved without the use of beads or dyes. A
short heating pulse generated by a CO, infrared laser (10.6 wm) was delivered
through the IR-transparent Si wafer into the channel. The radiative image of the
hot liquid plug was recorded by an IR camera [414].

3.2 MICROFLUIDIC FLOW CONTROL
3.2.1 SurrAce MobpiFIcATIONS FOR FLow CoNTROL

In some applications, an alteration in the microchannel surface charge is needed
in order to modify EOF, i.e., to increase, suppress, or stabilize EOF. This charge
alteration can be achieved by surface modification.
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FIGURE 3.13 Simulation (left column) and caged-fluorescence visualization (right col-
umn) of an analyte band traveling through a compensating turn design. In both cases, the
channel is 250 um wide. In the experiments, the channels were ~ 40 um deep. The channel
boundaries have been drawn onto the images [535]. Reprinted with permission from the
American Chemical Society.

EOF can be suppressed by coating the channel surface with methylhydroxy-
ethylcellulose (MHEC) [631], or photopolymerized polyacrylamide [415]. Rever-
sal of EOF was also achieved, e.g., the PMMA surface was modified with N-
lithioethylenediamine or N-lithiodiaminopropane [1063] or the PDMS surface
was coated by hydrophobic interaction with TBA* [302].

To coat selectively only at some sections of a channel network, outflow of
solvent at other sections should be used to prevent them from being wetted by
the chemical modification reagents [148,766].

Polyelectrolyte multilayers (PEM) have been used to alter surface charges,
thus controlling the direction of EOF in chips made of PS [155,216,416], PMMA
[216], and PETG [416]. PEM deposition was carried out by exposing the micro-
channel alternatively to solutions of positively charged PEM poly(allylamine
hydrochloride) PAAH and negatively charged PEM-poly(styrene sulfonate), or
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FIGURE 3.14 Four flow patterns achieved in the intersection of the PS chip derivatized
to have different surface charges on the various arms. The applied voltages are the same
in all cases [216]. Reprinted with permission from the American Chemical Society.

PSS[417]. Moreover, by depositing the PEM at different parts of the PMMA
channels, special flow control patterns can be achieved (Figure 3.14) [216].

PDMS channels were also coated by PEM using alternating cationic layers
(polybrene, PB) and anionic layers (dextran sulfate, DS). Stable EOF can be
achieved for up to 100 runs [365]. Since these polyelectrolytes have high and
low pKa values, respectively, in the usual solution pH of 3—10, PB is essentially
positive and DS is essentially negative. For comparison, in glass channels, the
silanol groups have intermediate pKa values, and so the surface charge strongly
depends on pH [365].

Surface modification can be achieved by O, plasma oxidation. For instance,
because of the increase in surface negative charges after oxidation, the oxidized
PDMS surface supports EOF. However, because of the instability of the charge
created on the polymer surface, EOF was unstable. Better stability can be achieved
by immediately filling the PDMS channel with liquids, rather than letting it be
exposed to air. The useful lifetime of these devices for quantitative CE analysis,
which requires EOF stability, is probably 3 h [1033].

UV irradiation can also increase surface charge (and hence hydrophilicity)
in PC chips [418]. The surface charge on the glass channel can also be modified
by UV irradiation, but the surface is first coated with a TiO, film [419].

Ultraviolet polymerization has been used to graft acrylic acid, acrylamide, dim-
ethylacrylamide, 2-hydroxylethyl acrylate, or poly(ethyleneglycol) monomethoxyl
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acrylate on the PDMS channel in order to create a hydrophilic surface. The magnitude
of the EOF of the grafted PDMS chip is intermediate between that of native PDMS
and oxidized PDMS. Unlike oxidized PDMS, the EOF of grafted PDMS remains
stable upon exposure to air. The grafted PDMS channels are more readily filled with
liquids, as compared to native PDMS. The grafted surfaces also show reduced adsorp-
tion of solutes (e.g., peptides), as compared to oxidized PDMS [420].

Either laser-ablated PETG or hot-imprinted PETG followed by NaOH hydrol-
ysis have produced surface-bound carboxylated groups, leading to enhanced EOF
to similar extents. These groups can be further chemically modified to give amine
moieties [421].

For Vivak polyester channels, alkaline hydrolysis of surface groups (e.g.,
ester) to ionizable groups (e.g., carboxylate) has produced a more reproducible
EOF. In combination with a dynamic coating (e.g., CTAB), EOF may be either
eliminated or reversed in direction, depending on the CTAB concentration [204].

Valving can be achieved by field-effect control using an electric field perpen-
dicular to the channel in order to alter the zeta potential for EOF [371,422-424].
For instance, the transverse electric field was applied through the microchannel
wall of a PC/PDMS chip by Cr/Au electrodes embedded in Parylene C coating.
As shown in Figure 3.15, differential pumping can occur when different electric
fields are applied to different sections of the channels. For instance, in Figure
3.15a, EOF is higher (because of greater negative zeta potential) in the left channel
than the right one. Owing to mass conservation at the intersection point, there is
a liquid flow down the central field-free (ff) channel. A flow rate of 2 nL/min
was achieved in the field-free central channel. On the other hand, in Figure 3.15b,
a greater flow in the right channel causes the liquid to flow up the central channel
[371]. External electrodes were located 50 um away from a glass microchannel
for surface charge control, leading to EOF control [424]. Other than the use of
surface chemical modifications, field-effect flow control was achieved in a
PDMS-Si chip using a 2.0-um electrically insulated SiO, layer connected to
ground [422].

+ +

+_ i ——= o + e
ff i
() (b)
FIGURE 3.15 Differential EOF pumping rates were achieved from different gate voltages
applied to the field-effect flow control electrodes. This produced (a) positive pressure for

flow down and (b) negative pressure for flow up the field-free microchannel (ff) [371].
Reprinted with permission from the American Chemical Society.
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3.2.2 LAMINAR FLow FOR LiQuID EXTRACTION AND
MICROFABRICATION

Laminar flow is prevalent in microfluidic channels, and this phenomenon is
exploited for various applications. For instance, a two-phase flow between an
organic and an aqueous stream has been achieved in microchannels for the
ionophore-based ion-pair extraction. This was carried out for the detection of
potassium and sodium [425] and iron [426]. In such a system, degradation in the
signal response, which can be caused by leaching of ion-sensing components as
found in conventional ion-selective optodes, is not an issue. This is because fresh
organic phase can be used in every measurement. In addition, a low-viscosity
organic solvent can be used to increase solute diffusion, which is usually slow
in polymeric membrane-based ion sensors involving aqueous solutions [425].
To further stabilize multiphase flow, the liquid—liquid interface can be created
at the boundary formed at a constricted opening [427]. Moreover, guide structures
(5 wm high) were fabricated in a microchannel (20 wm deep) to stabilize a three-
phase flow, as shown in Figure 3.16. These structures were etched on quartz using

30 mm

0.7 mm

1.4 mm

0.7 mm

(b)

FIGURE 3.16 (a) Schematic cross-sectional view of the guide structures for stabilizing
a three-phase liquid flow. (b) 3D image of the guide structures [428]. Reprinted with
permission from the American Chemical Society.
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a photomask consisting of three closely spaced parallel lines (10 um wide, 35
um apart). The multiphase flow (aqueous/aqueous, aqueous/organic, aque-
ous/organic/aqueous) became more stable in such microchannels, allowing extrac-
tion reactions to proceed over a long distance along the channel [428].

The conventional procedure (with 40 steps!) for the determination of Co
became simpler using the microfluidic chip with guide structures to stabilize the
multiphase flow (see Figure 3.17). Co?* in the sample (aqueous phase 1) was first
mixed with a chelating agent (2-nitroso-1-naphthol [NN]) (aqueous 2) to form a
complex which was then extracted into m-xylene (organic 1) along a microchan-
nel. The Co chelates were then separated from the chelates of other metal inter-
ferences (Cu?*, Ni**, Fe?*) which were decomposed by HCl and were then
extracted into the aqueous 3 phase. The decomposed NN was extracted into
aqueous 4 (NaOH). Finally, the undecomposed Co chelates (still in organic 1)
were detected [428]. In a similar manner, Al was analyzed by extraction at the
laminar flow interface (water/1,4-dioxane) as the AI-DHAB complex and detected
fluorescently [103]. Similar extraction in a three-phase flow was achieved for
determination of zinc and yttrium ions (0.1 mM) in a Pyrex chip [429]. A two-
phase flow of liquid—liquid (water—nitrobenzene) crossing flow has been demon-
strated in glass chips to mimic countercurrent flow for liquid-liquid extraction.
The flow was stabilized by a silanized (ODS) channel [430]. A two-phase flow
was utilized to perform liquid ion exchange, which is applied for conductivity
suppression employed in ion chromatography. Tetraoctylammonium hydroxide
(TOAOH) or Amberlite LA-2 (a secondary amine) was dissolved in an organic
solvent (butanol) to exchange away H* for conductivity detection of heavy metal
ions (Ni, Zn, Co, Fe, Cu, Ag) [431].
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FIGURE 3.17 Schematic illustration of Co(Il) determination in a quartz chip fabricated
with guide structures in the channel for multiphase flow. For details in operation, see text
[428]. Reprinted with permission from the American Chemical Society.
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Laminar flow that is prevalent in the microchannel has also been utilized for
microfabrication (see Figure 3.18). For instance, using a laminar flow of Au etchant
flowing parallel to a water flow, a gold-coated (250-A thick) glass—PDMS channel
was patterned with a zig-zag Au wire (Figure 3.18b). In addition, a silver wire
was formed chemically at the interface of two parallel laminar flows of silver salt
and reductant (Figure 3.18c) [432]. Moreover, glass etching was also achieved at
the interface of two parallel laminar flows of HCI and KEF, i.e., creating HF for
etching at the interface. A polymeric structure was precipitated at the interface of
two flows of oppositely charged polymers. The classic example was the fabrication
of a three-electrode system inside a channel see (Figure 3.19). First, Au etchant
was flowed to separate a gold patch, creating two isolated Au electrodes. Subse-
quently, a silver wire was formed in the middle, and 1% HCI then converted silver
on its surface to AgCl, creating a silver/AgCl reference electrode [432].

In another report, the self-assembled monolayer (SAM) together with multi-
stream laminar flows were used to pattern flow streams in glass chips (see Figure
3.20). For instance, an aqueous stream was confined to the central hydrophilic
region by two virtual walls, which were to two organic streams flowing in
hydrophobic regions patterned by two organosilanes, OTS and HFTS. An increase
in the liquid pressure allowed the central liquid stream to burst into the adjacent
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FIGURE 3.18 (a) Optical micrograph of a two-phase laminar flow: two aqueous phases,
each colored with a different dye (black ink and Congo Red) brought together with a “Y”
junction in an elastomeric microfluidic system (PDMS). Only diffusional mixing over
distances of several centimeters is observed. (b) Optical micrograph of a pattern etched
in Au in a zig-zag channel (PDMS) that is sealed to an Au-covered glass slide. (c) A silver
wire deposited in a zig-zag channel at the laminar flow interface between solutions
containing the components of an electrodeless silver plating solution [432]. Reprinted with
permission from the American Association for the Advancement of Science.
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FIGURE 3.19 (a) Optical micrographs of the stepwise fabrication of a three-electrode
system inside a 200-um-wide PDMS channel. Two gold electrodes (counter and working)
are formed by selectively etching the gold stripe with a three-phase laminar flow system.
A silver reference electrode is fabricated at the interface of a two-phase laminar flow. (b)
Overview picture of the three-electrode system including the silver contact pad. The dashed
box corresponds to the last picture shown in (A). The silver wire widens to a large silver
contact pad. (c) Cyclic voltammogram of 2 mM Ru(NHj;),Cl; in a 0.1-M NaCl solution
(scan rate: 100 mV/s) [432]. Reprinted with permission from the American Association
for the Advancement of Science.

hydrophobic regions with successively lower surface free energy. This behavior
is like a pressure-sensitive valving system [433].

The virtual wall created can also be employed to carry out gas—liquid reac-
tions. For instance, acetic acid vapor was allowed to react with a pH indicator
solution at the virtual wall, allowing kinetic studies to be carried out (see Figure
3.21) [433]. Moreover, using photocleavable SAM (with the 2-nitrobenzyl pho-
tosensitive group), the SAM can be patterned through a UV photomask, giving
rise to complex flow patterns [433,434].
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FIGURE 3.20 Pressure-sensitive valves. The laminar flow scheme for patterning surface

free energies inside channels with two different trichlorosilanes, OTS and HFTS, is shown

in (a). Images of flow patterns of a rhodamine B solution obtained in increasing pressures
from (b), (c), to (d) [433]. Reprinted with permission from Nature Publishing Group.

Nylon-6,6 membrane was formed at the solution interface of adipoyl chloride
(0.01 M in 1,2-dichlorocthane solution) and hexamethylenediamine (0.1 M in
NaOH solution) within a Pyrex glass microchip (treated with APTES) (see Figure
3.22). The membrane was used in a permeation study to examine diffusion of
dissolved NH; gas through the membrane to a phenolphthalein-containing solu-
tion [435]. The membrane can also be modified with horseradish peroxidase on
only one side for carrying out an enzymatic reaction. H,O, permeates through
the membrane and enzymatically reacts with N-ethyl-N-(2-hydroxy-3-sulfopro-
pyD-m-toluidine and 4-AAP (4-aminoantipyrine.) to form a dye [435].

3.2.3 GENERATION OF CONCENTRATION AND TEMPERATURE
GRADIENTS

Concentration gradients can be generated by mixing a solution with a solvent.
Mixing dilution between two liquid streams is feasible by controlling their relative
EOF speeds [324,436].

Gradients of different concentrations have been generated by parallel mixing
and serial mixing [437-440,442-445,840]. In parallel mixing, seven different
concentrations, including zero concentration, were generated by mixing three
different sample concentrations with three buffer streams in parallel [439]. In
serial mixing, five concentrations were generated by consecutively mixing one
sample concentration with one buffer stream [439]. More complex channel net-
works for parallel mixing even produced various types of concentration gradients
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FIGURE 3.21 Optical micrographs of a gas—liquid reaction. The liquid was a pH = 6.44
phosphate buffer solution containing the acid-base indicator methyl red (0.007 w/w%).
Acetic acid vapor was carried into the channel by bubbling N, gas (0.8 mL/s) through
glacial acetic acid. Shown are micrographs of the channel (a) before acetic acid vapor was
introduced into the channel (0 s), and at (b) 5 s, (c) 20 s, and (d) 45 s after initiating flow
of acetic acid vapor [433]. Reprinted with permission from the American Association for
the Advancement of Science.

(e.g., linear, parabolic, or periodic) on a PDMS chip (see Figure 3.23) [440,441].
The gradient has been maintained over a long period of time [440].

Concentration gradients were generated along the interface of two parallel
HDF streams [442-444]. A concentration gradient of HF generated in this manner
has been used to etch Si differentially [441]. Similarly, a concentration gradient
was generated along a long parallel dam at the border of two parallel channels,
where the sample and buffer flowed separately. Diffusion across the dam created
a concentration gradient in the same direction of the flow [445,840].

A concentration gradient was created by mixing two streams of liquid at a
Y-junction and allowing diffusional mixing to occur downstream for a fixed
distance (i.e., 2 cm) (see Figure 3.24) [447]. Thereafter, these laminar flow streams
of various concentrations were separated by dividing the main channel into a
series of 10 [447] or 23 small tributaries [110]. Depletion effects in capillary
filling of PDMS channels were employed to generate patterned protein gradients,
which has been used to conduct immunoassays [446]. A concentration gradient
of solvent B (65% acetonitrile/10 mM acetic acid) and solvent A (10 mM acetic
acid/10% methanol) was generated on-chip for gradient frontal separation of
peptides using a C18 cartridge [803].

In addition to the concentration gradient, a temperature gradient has been
created on the chip [447]. When the temperature gradient is perpendicular to a
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FIGURE 3.22 General idea of polymer membrane formation at the interface of a two-
phase organic/aqueous flow in an X-shaped microchannel layout [435]. Reprinted with
permission from the American Chemical Society.

series of channels, each channel is held at a discrete temperature (see Figure
3.25). On the other hand, if it is parallel, the temperature varies as the liquid
flows downstream in each channel. The temperature gradient spanned from 36
to 77°C by the cold and hot brass tubes separated by 3.4 mm [447].

By combining the concentration and temperature gradients, the fluorescent
intensity of a dye (carboxyfluorescein) was measured to illustrate the capability
of the device to obtain three-dimensional information (see Figure 3.26) [447]. In
a subsequent study, measurements of the dephosphorylation of a fluorogenic
substrate were performed simultaneously at different temperatures in order to
extract the activation energy information [448].
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FIGURE 3.23 Photograph showing a microfluidic device used for generating concentra-
tion gradients of green and red dyes in solution. The three incoming channels (top part
of the photograph) were connected to syringes via tubings (not visible). After combining
the nine streams into a single, wide channel (bottom of the photograph), a gradient was
formed across the channel, perpendicular to the direction of flow [440]. Reprinted with
permission from the American Chemical Society.

3.2.4 FLow SWITCHING

For better flow control and switching, microfluidic valves are designed. For
instance, a latex membrane (150 um thick) has been used to construct a valve.
A sample is loaded by liquid pressure (10-12 psi) through the microfluidic valve
opened by applying vacuum (30 mmHg) on the opposite side of the valve dia-
phragm. To facilitate sample filling, while the valve is open, air is simultaneously
evacuated through a hydrophobic membrane vent (1.0-um pore size). Both the
valve and vent have dead volumes of about 50 nL [926].

Multiple valves have been constructed on a PDMS valve control layer (see
Figure 3.27) [167]. Multilayer soft lithography has been used to generate the
valve control layer (4 mm thick for strength) plus a fluid layer (40 um thick) on
PDMS. The small Young modulus (~ 750 kPa) of PDMS allows a large deflection
(1 mm) to be produced using a small actuation force (~ 100kPa on a 100- x 100-
wm valve area). The response time is on the order of 1 ms. Round channels were
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FIGURE 3.24 Schematic diagram of a microfluidic device that creates a concentration
gradient and a temperature gradient. The inset shows the channel layout design [447].
Reprinted with permission from Reprinted with permission from the American Chemical
Society.

more easily sealed (~ 40 kPa) than trapezoidal channels were (> 200 kPa). Round
channels were cast from rounded photoresist positive relief (after baking it at
200°C for 30 min [167], or 150°C for 30 min [449]. By pneumatic actuation, the
valving rate was attained at ~ 75 Hz, and this produced a pumping flow rate of
2.35 nL/s [167].

It was found that Sylgard 184 provided a higher tensile strength and elonga-
tion than RTV 615, and so the former was selected for fabrication of the micro-
valve control layer [449]. Moreover, the control channel must be filled with water
before use, in order to prevent bubble formation in the fluidic channel due to the
gas permeability of PDMS [449].
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FIGURE 3.25 (a) Schematic diagram of a temperature gradient microfluidic device. The
temperature gradient platform is formed by fixing two square brass tubes onto a glass
substrate with epoxy. The left tube houses a cartridge heater that serves as the heat source.
The right tube allows liquid to flow through it and serves as the cooling element. A
detachable chip containing microchannels is placed directly onto the platform, with the
microchannels perpendicular to the temperature gradient. The arrow (q) represents the

direction of heat flow. (b) Geometry of the glass channels in the microfluidic device [447].
Reprinted with permission from the American Chemical Society.

Fluorescence AU)

FIGURE 3.26 Three-dimensional plot of fluorescence intensity of carboxyfluorescein dye
molecules in aqueous solution as a function of their concentration (0.00715-0.266 uM)
and temperature (28-74°C). The plot was mapped over 110 data points (excluded for

clarity) gained from 11 temperature measurements across 10 microchannels [447].
Reprinted with permission from the American Chemical Society.
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FIGURE 3.27 An elastomeric peristaltic pump using three valve control channels. The
fluidic channel is 100 um wide and 10 pm high. Dimension of microvalve control channels
=100 um by 100 pum by 10 wm; applied air pressure = 50 kPa. Peristalsis was typically
actuated by the pattern 101, 100, 110, 010, 011, 001, where 0 and 1 indicate “valve open”
and “valve closed,” respectively [167]. Reprinted with permission from the American
Association for the Advancement of Science.

There are other reports on the use of PDMS valves [124,357,368,450]. A thin
PDMS valve membrane (3 wm) allowed for a high valve density (300 valves/cm?).
Actuation of the valves was caused by expansion of the air in the air-filled cavities
below the valves. PDMS prepolymer diluted with toluene reduced the solution
viscosity, allowing for spin-coating of very thin layers [124].

A similar PDMS valve control layer was used to achieve rotary liquid pump-
ing for PCR [357]. In another report, a similar valving method was used to deliver
cells and to introduce reagents for cell reactions. Solutions were pumped at 5-60
Hz to achieve a linear flow rate of ~ 300-1000 wm/s [368].

Valving on a PDMS sheet has also been achieved after an elliptical hole was
punched in the PDMS, and an elliptical needle was inserted in the hole. Then
valve actuation was achieved by having the elliptical needle rotated for 90°, thus
compressing the fluidic channel below for valve closure [1043]. A PDMS mem-
brane was fitted on a glass wafer to create a valve. Three valves placed in series
form a diaphragm pump [244].

Pluronics F127 has been exploited to construct microfluidic valves. This
material, which is an uncharged tri-block copolymer [(EO),,, (PO),, (EO),ql, is
a commercially available surfactant. But within a certain concentration (18-30%),
the material, which is a liquid of low viscosity (< 2 cP) at low temperature
(0-5°C), will form a self-supporting gel (cubic liquid crystalline) at a higher
temperature (e.g., room temperature) [937]. This material has been used as a one-
shot, phase-change valve for PCR reaction. The Pluronics valve can hold up to
20 psi pressure, which is above the holding pressure (6.8 psi) required for PCR
(up to 94°C) [937].

Hydrogel valves were also created within microfluidic channels to provide
fluid control (see Figure 3.28). The swelling and contraction provide valve-close
and valve-open actuation, respectively, due to chemical stimuli (e.g., pH change).
To increase the mechanical stability, the hydrogel was formed around prefabri-
cated posts in the channel. Since the thickness of hydrogel is reduced, the response
time to chemical stimuli was also reduced to 8 s (from 130 s). When acrylic acid
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FIGURE 3.28 Prefabricated posts in a microchannel serve as supports for the hydrogels,
improving stability during volume changes. (a) A diagram of the hydrogel jackets around
the posts. (b) The actual device after polymerization of the hydrogel. (c) The hydrogel
jackets block the side channel branch in their expanded state. (d) The contracted hydrogels
allow fluid to flow down the side branch. Scale bars, 300 um [221]. Reprinted with
permission from Macmillan Magazines Ltd.

(A) was used in the hydrogel, high pH caused swelling and low pH caused
contraction. On the other hand, when 2-(dimethylamino)ethyl methacrylate (B)
was used instead, high pH caused contraction of the hydrogel. This property was
exploited to produce two hydrogel gating valves. In this case, only one gate (A)
will contract and open at pH 4.7 (lower pH). On the other hand, at pH 6.7 (higher
pH), only gate B will contract and open [221]. A detailed study of the physio-
chemical properties of these hydrogel polymers has been published [451].

A hydrogel sensor/actuator was constructed in a PDMS chip for creating a
flow with regulated pH [222]. The pH-sensitive hydrogel valve was made to
output a combined flow of constant pH 7 from an input flow of pH 2 using a
compensating flow of pH 12 [222]. When the flow of pH 2 is greater, the hydrogel
sensor/actuator will shrink and allow a greater flow of pH 12 (than the pH 2 flow)
to bring down the pH of the output flow. On the other hand, when the flow pH
2 is lower, the hydrogel will expand and constrict the flow of pH 12. The transition
pH point of hydrogel was 5.3, which can be changed to a different value by
employing a different polymer composition to synthesize the hydrogel [452].
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FIGURE 3.29 A schematic view from above the disk of a passive capillary burst valve.
A liquid flows in a channel or capillary and is pinned at the discontinuity where the channel
meets a chamber or a wider channel. Sufficient fluidic pressure must be exerted by the
centrifugal pump to overcome the pressure of curved liquid surfaces and to wet the walls
of the chamber with liquid. This pressure is achieved at a characteristic rate of rotation
or “burst” frequency, ®., above which the liquid exits the channel and enters the chamber.
, depends on the hydraulic diameter (d};) of the capillary and the amount of liquid in the
channel and therefore provides a means of gating the flow of liquid [1042]. Reprinted
with permission from the American Chemical Society.

Passive capillary burst valves were fabricated on a plastic disk in which
centrifugal liquid pumping was used to transport fluids, as shown in Figure 3.29.
When the angular velocity (®) is less than the critical value (®,), the liquid cannot
enter the big chamber. When ® > o, the liquid then bursts into the chamber. A
wider channel would require less force to burst through and hence a lower rotation
rate or a lower centrifugal force was used for the valve to burst open
[226,453,454,1042].

Non-stick photopolymer formed inside a glass microfluidic channel was used
as a mobile piston for flow control (see Figure 3.30). Sealing against high pressure
(> 30 MPa or 4500 psi) could be achieved by the piston. The polymer was
compatible with organic solvents. Actuation time less than 33 ms was observed.
The photopolymer was formed by irradiating an unmasked section filled with the
monomer (trifluoroethyl acrylate/1,3-butanediol diacrylate in a 1:1 ratio) and
photoinitiator (2,2’-azobisisobutyronitrile) using UV (355 nm). Using this
method, a check valve (one-way flow) and a diverter valve (like an exclusive OR
logic gate) have been fabricated. In addition, a 10-nL pipette was fabricated (see
Figure 3.31) [455,456]. In a similar way, a high-pressure picoliter injector was
constructed to conduct HD injection in a fused silica chip [457].

Electrochemically generated bubbles were also used as microfluidic valves (see
Figure 3.32). The valves closed when the bubbles inflated, and vice versa [458].

A capillary retention valve was achieved at a constriction which had the
highest capillary pressure and hence pinned the interfacial meniscus of the liquid,
thus confining the liquid (see Figure 3.33) [459].

Flow switching in a PDMS chip can be achieved by deflection from two side
channels (see Figure 3.34) [359]. When there is zero hydrostatic pressure, the
two streams of fluorescent beads flow equally to two channels. When the hydro-
static pressure from the bottom channel is greater (i.e., 2 mm liquid level differ-
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FIGURE 3.30 Photopolymerized piston with cross-sectional area change. The widths of
the channels are 150 and 50 um, and the channels are 25 um deep. The piston was first
UV-polymerized in the outlined region and then displaced slightly to the left to show the
molded sealing surface. The inset shows the schematic of the piston [456]. Reprinted with
permission from the American Chemical Society.
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FIGURE 3.31 A 10-nL pipette with two check valves. Check valves are placed at sample
inlet and pipette outlet. The outlet of the pipette issues into a pressurized channel at the
bottom of the images, flowing from left to right. Dashed lines indicate sample flow. A
piston/cylinder reservoir is placed between the sample inlet and a control inlet. The left
images are optical images of the pistons; the right images are fluorescence images; only
the sample contains dye. Top (a, a”): Suction is applied at the control reservoir; in response,
the piston in the reservoir moves to the right, drawing sample through the open inlet check
valve, until the reservoir near the control inlet is filled. The check valve at the pipette outlet
remains closed. Bottom (b, b’): Pressure is applied at the control inlet; the check valve at
the sample inlet closes, the valve at the outlet opens, and the fluid in the reservoir is injected
into the channel [456]. Reprinted with permission from the American Chemical Society.
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FIGURE 3.32 (a) SEM micrograph of an electrochemical bubble valve chip consisting
of a microchannel and a pair of electrodes. (b,_¢) Optical micrographs showing bubble
inflation and deflation. The flow direction is indicated by an arrow. The dark edges near
the channel are an optical artifact [458]. Reprinted with permission from the American
Chemical Society.
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FIGURE 3.33 Geometry and hydrodynamic characteristics of the microfluidic capillary
system (CS). (a) top view of a CS. (b) The flow of liquid (arrows) is superimposed on the
cross section (not to scale) of the CS. CRV: capillary retention valve; CP, capillary pump
[459]. Reprinted with permission from the American Chemical Society.
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FIGURE 3.34 Actuation of the fluid deflection switch by hydrostatic pressure. (a) Optical
micrograph of the fluid deflection switch. (b) Fluorescence image of the flow of beads
when the levels of liquid in the reservoirs of the two control channels were the same.
Since there was no net hydrostatic pressure in the control channels, the input flow of liquid
was not deflected, and the flow partitioned equally into the two output channels. (c) About
50 pL of liquid was added to the control reservoir 2 to produce a net hydrostatic pressure
in the control channels (shown by a white arrow). As a result, the beads were deflected
into output channel 1. (d) Fluorescence image of the flow of beads when the direction of
the hydrostatic flow in the control channels was reversed (shown by white arrow) by
removing about 100 uL of liquid from reservoir 2 and adding it to the reservoir of control
channel 1. The pressure difference in the two control channels that resulted from the
difference in height of the liquid in the reservoirs was about 20 Pa [359]. Reprinted with
permission from the Institute of Physics Publishing.
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FIGURE 3.35 (a) Optical micrograph of a side-channel fluidic controller. The light areas
are PDMS channels. (b) Fluorescence image of fluorescent beads when an electric potential
was applied that gave rise to EOF from left to right. The momentum of the beads carried
them into the side channels. (c) Fluorescence image of the beads when the polarity of the
applied voltage was reversed. EOF was from right to left. It was shown that the momentum
of the beads in the central channel did not take them into the side channels [359]. Reprinted
with permission from the Institute of Physics Publishing.

ence or 20 Pa pressure), the stream is deflected upward. In a special design of
channel shown in Figure 3.35, the liquid flow into the side loops can only occur
when the flow is from left to right, but not vice versa. This flow rectifier works
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because the momentum of the beads naturally took them into the side channel
only when the flow is from left to right [395].

Pre-focused flow switching for M inputs and N outputs was achieved on a
quartz chip. In Figure 3.36, six input channels and six output channels are
illustrated. The sample from A,, which was focused by streams coming from A,
and A;, was directed to channel 1. Similarly, the sample from B2, after being
focused by streams from B, and B;, was directed to channel 2. Figure 3.37
illustrates the situations of (a) no focusing, in which the sample also enters
adjacent output channels (b) with focusing, in which a narrow, but clean, sample
stream flows to the output channel [263]. A five-way multiposition valve with
five outlet parts for flow switching has been constructed on a Si—Pyrex chip [307].

Thermal gelation of methyl cellulose has been used for valving in a Y-channel
to sort fluorescent beads [460]. Thermally responsive monolithic polymer plugs
were used as a flow control valve in a glass chip. The polymer plugs were formed
by poly(N-isopropylacrylamide) cross-linked with methylenebisacrylamide. The
volume phase transition of the polymer occurs at 32°C. Thermoelectric elements
were used to swell and close the valve at 17°C (due to polymer solvation) and
shrink and open the valve at 57°C (due to polymer desolvation). The valve closed
in ~ 5 s and opened in 3 s [341]. A valve was also created using a cold finger
which employed an ice plug formed in the channel to create the off-state. When
a heater was turned on to melt the ice, the channel was opened, creating the on-
state [461]. Paraffin wax (and other waxes) was used as a meltable piston for
valving on a Si—glass chip [98] or PC chip [462]. A resistive heater melts the
wax and moves it to close a Y-junction for a PCR study. The wax is melted again
and sucked out to open the valve. Valve actuation time can be within a few tens
of milliseconds [98].

FIGURE 3.36 Schematic representation of a micromachined pre-focused 2 x 6 flow
switch with six inlet ports and six outlet ports. The flow switch integrates two important
microfluidic phenomena, including hydrodynamic focusing and valveless flow switching.
The pre-focused samples can be injected into desired outlet ports precisely [263]. Reprinted
with permission from the Institute of Physics Publishing.
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(b)

FIGURE 3.37 Sample flows (a) without the pre-focusing function and (b) with the pre-
focusing function. It can clearly be seen that smearing among outlet channels can be
avoided when the “pre-focusing” function has been employed [263]. Reprinted with
permission from the Institute of Physics Publishing.

A magnetic microvalve was constructed by electroplating Ni/Fe alloy on a
Si membrane. Magnetic actuation of the normally open valve was achieved by a
Cu coil [463]. Movement of ferrofluid (controlled by a magnet) was also
employed as a valve control [464].

Bidirectional pumping was achieved in a single pneumatic structure in a
PMMA chip. A liquid drop can be switched from one channel to another [465].

3.2.5 FLuip MIxING

The laminar flow is prevalent in the microfluidic channel. Solution mixing, which
has mainly been accomplished by diffusion, is slow, even in the presence of pillar
structures [739]. Other than diffusive mixing, various approaches employed to
promote the mixing efficiency are described in subsequent sections.
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FIGURE 3.38 A micromixer based on distributive mixing. Flow visualization using flu-
orescein and rhodamine B at a total flow rate of 50 mL/min. Only 10 out of 16 ministreams
are shown [466]. Reprinted with permission from the Royal Society of Chemistry.

3.2.5.1 Diffusive Mixing

A mixer was constructed on Si based on distributive mixing (see Figure 3.38).
Two liquid streams were split into 16 ministreams to enhance diffusive mixing.
Thereafter, the ministreams were recombined. This mixer has been used to study
chemically induced conformational change of [466] proteins [467], and chemi-
luminescent reaction catalyzed by Cr3* [468]. In another report, a similar mixer
with 16 channels was built [280,469]. Mixing was also carried out in a PET chip
consisting of a distributor and a dilutor to produce 16 concentrations from two
inputs.

A micromixer (100 pL) was constructed on a quartz chip with multiple small
channels (5 wm wide) intersecting 45° with the main channels (27 um wide) (see
Figure 3.39). EOF flow of two solutions containing different concentrations of
fluorescein was initiated to achieve mixing based on the principle of eddy diffu-
sion after splitting in the smaller channels [493].

3.2.5.2 Chaotic Advection

To facilitate mixing, mixers based on chaotic advection in special microstructures
were constructed. For instance, in a PDMS fluidic mixer, small chevron-shaped
indentations, which were not centered, were constructed in the channel. Such an
arrangement forced the fluid to recirculate in order to achieve a mixing effect
[184].

Mixing in a PMMA T-junction was achieved by chaotic advection in the
channel with slanted grooves created by laser photoablation (see Figure 3.40)
[193,257,470]. Mixing could also be achieved in a PDMS microchannel using
square grooves in the channel bottom (see Figure 3.41) [471].
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FIGURE 3.39 Photomicrograph of the microfabricated mixer based on eddy diffusion.
This mixer is about 100 by 200 um wide and 10 wm in depth. Effect of mixing is evaluated
by bringing in two fluids from channels A and B, and flowing to D. Channel C is not used
in this work. The inset show the SEM image of the mixer [493]. Reprinted with permission
from the American Chemical Society.
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FIGURE 3.40 (a) Configuration of the experimental setup and white light microscopy
image of an imprinted T-channel with a series of ablated wells. (b) Fluorescence images
of electroosmotic flow past the mixer at flow rates of 0.06 cm/s [193]. Reprinted with
permission from the American Chemical Society.
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FIGURE 3.41 Optical micrograph taken from above of a stream of black dye flowing in
a microchannel containing square grooves in the bottom of the channel. A narrow stream
of black dye in water is injected alongside a broad stream of clear water (flow rate of the
clear stream is 20 times that of the dyed one). The average flow speed in the channel is
1 cm/s (Reynolds number Re ~ 1) [471]. Reprinted with permission from the American
Chemical Society.

A Si micromixer was constructed with seven vertical pillars (10 um dia.)
arranged perpendicular to the flow in a staggered fashion within a 450-pL mixing
chamber, as shown in Figure 3.42. Turbulent mixing of sodium azide and horse
heart myoglobin was achieved in 20 us. This provided the fast mixing essential
for a downstream freeze-quench procedure to trap metastable intermediates [472].

A mixer was constructed by porous hydrogel formed at a Y-junction. It was
found that the mixing efficiency was higher for a more porous structure [496].

Mixing was enhanced in a PDMS—glass chip in which polybrene was used
to produce a staggered pattern of positively charged surface. It was found the
generation of flow circulation at the positively charged polybrene surface and the
negatively charged glass surface enhanced solution mixing [473].

Passive mixing by chaotic advection is demonstrated in a PDMS chip con-
sisting of a winding channel (see Figure 3.43). An essential component is a water-

Microfabricated silicon mixer

FIGURE 3.42 Photograph of the microfluidic silicon mixer constructed with seven ver-
tical pillars [472]. Reprinted with permission from the American Chemical Society.
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FIGURE 3.43 (a, b) Microphotographs (10 us exposure) illustrating rapid mixing inside
plugs (a) and negligible mixing in a laminar flow (b) moving through winding channels
at the same total flow velocity. (c) A false-color microphotograph (2-s exposure, individual
plugs are invisible) showing time-averaged fluorescence arising from rapid mixing inside
plugs of solutions of Fluo-4 (54 uM) and CaCl, (70 pM) in aqueous sodium morpholine
propanesulfonate buffer (20 mM, pH 7.2); this buffer was also used as the middle aqueous
stream. All channels were 45 um deep; inlet channels were 50 um and winding channels
28 um wide; Re ~ 5.3 (water), ~ 2.0 (PFD) [474]. Reprinted with permission from Wiley-
VCH Verlag.

immiscible solvent, perfluordecaline (PFD). As shown in Figure 3.43b, with no
PFD, mixing of a colorless stream (0.2 mM KNO;) and a red stream [Iron (III)
thiocyanate formed by mixing 0.067 M Fe (NO,); and 0.2 M KSCN] did not
occur, and laminar flow was apparent. In the presence of PFD (a 10:1 mixture
of PFD and C(F,,C,H,OH) mixing occurred, as shown Figure 3.43a. The principle
of chaotic advection is based on time-periodic, alternating fluid motion in the
plug relative to the channel wall. Such a fast mixing (2 ms) was employed to
measure the rate of rapid binding (k,, = 7.1 x 108 M s7!) of Ca?* ions to the
calcium-sensitive dye fluo-4 (Figure 3.43c). Although the spatially resolved flu-
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orescent image was acquired over 2 s, it was noted that mixing of CaCl, and
fluo-4 in the plugs was achieved within a short distance (~ 500 pm), corresponding
to mixing in ~ 2 ms under a flow of 190 mm/s [474]. Later developments in this
area are also reported [475,476].

A 3D serpentine microchannel was fabricated on a Si—glass chip to enhance
mixing by chaotic advection (see Figure 3.44). It was found that mixing in the
3-D channel was faster and was more uniform than in either a “square wave”
channel or straight channel [477].

3.2.5.3 Oscillating Flow

Bidirectional flow, which occurs at a funnel-shaped channel because of the inter-
action of EOF and HDF, creates a mixing effect [478,479]. Such a bidirectional
flow has also been used to trap particles (see Chapter 8, section 8.1.5).
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FIGURE 3.44 (Top) Schematic of the three-dimensional serpentine channel. “Viewing
windows” in the channel are labeled 1-10. (Middle) Schematic of a square-wave channel.
(Bottom) Schematic of a straight channel [477]. Reprinted with permission from the
Institute of Physics Publishing.
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An active mixer based on an oscillating EOF induced by sinusoidal voltage (~
100 Hz, 100 V/mm) was devised and modeled for mixing of fluorescein with elec-
trolyte solutions. This is termed as electrokinetic-instability micromixing, which is
essentially a flow fluctuation phenomenon created by rapidly reversing the flow.
Various microchips materials (PDMS, PMMA, and glass) and various electrolytes
(borate, HEPES buffers) have been used to evaluate this method of micromixing [480].

A micromixer in which the fluid can be stirred by periodically pumping
through the side channels is shown in Figure 3.45 [481]. The periodic perturbation
applied via the side channel allows liquids A and B to be mixed. Other mixers
based on oscillating pressure-pumped flow have also been reported [482,483]. Two
droplets (600 pL) were merged and mixed by a push—pull (shuttling) method in
a PDMS device consisting of a hydrophobic microcapillary vent (HMCV) [364].

Self-circulation in a circular chamber was used for mixing. It was found by
simulation and flow visualization that mixing was more effective in a hollow
chamber than an annular one [484].

A rotary mixer was constructed on PDMS using multi-layer lithography
[485]. Peristaltic action through pneumatic control causes rapid binding of neu-
travidin-coated fluorescent beads on biotinylated spots in the PDMS device. Using
this mixing action, more than 80% of the beads were attached within 4 min. But
without the rotary mixing, it took 4 h for the binding to be visualized fluorescently
due to slow diffusion of the beads (D = 2.5 x 102 cm?/s).

3.2.5.4 Acoustic Mixing

Mixing can be achieved using ultrasonic acoustic waves. For instance, a laser-
cut acrylic laminated chip, to which bulk piezoelectric transducers (PZT-4) were
bonded, was shown to have mixing action using 10-pum polystyrene beads. The
transducer had a half-wavelength resonance thickness and exhibited a primary
resonance peak at 365 kHz. Bead mixing was achieved for 1-, 3-, 5-, 6-, and 10-
pm polystyrene beads and glass beads [486]. A PZT disk was also used to enhance
ultrasonic mixing in a PC chip [462].

Another active micromixer based on ultrasonic vibration of a thin Si mem-
brane (0.15 mm) is shown in Figure 3.46. The membrane was actuated by a bulk
PZT transducer powered by AC voltage (48 kHz, 150 Vpp). The Si wafer was
bonded to a Pyrex glass plate consisting of an etched chamber. The PZT can
generate a great force but its mechanical displacement is small, so high frequency
should be used to compensate for this. The laminar flow of dyed ethanol (115
uL/min) and water (100 pL/min) were mixed effectively when the PZT was
excited (see Figure 3.47) [327]. Unfortunately, considerable heat was generated
from the large-amplitude ultrasonic vibration, which is undesirable to study
temperature-sensitive fluids [487].

In another approach, ultrasonic acoustic flexural plate waves (or Lamb waves)
were used to generate fluid mixing motion of microspheres in water in a Si device.
A 10-pum-thick piezoelectric ZnO film was deposited on the back side of a Si
wafer (see Figure 3.48). This thickness is an odd-multiple of the acoustic half-
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FIGURE 3.45 Experimental results of a mixer constructed with one pair of side channels.
The pressure perturbations created from the side channels induce lobe-like distortions of
the interface and facilitate rapid mixing [481]. Reprinted with permission from the Institute
of Physics Publishing.
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FIGURE 3.46 Schematic drawing of the cross section of a mixer. A glass plate was etched
with channels. It was anodically bonded with a Si wafer consisting of the oscillating
diaphragm to which a PZT disk was adhered [327]. Reprinted with permission from Wiley-
VCH Verlag.

wavelength. The Al electrode (0.5 pm thick) patterned on the ZnO film consists
of concentric circles, serving to focus the acoustic energy at a few hundred
micrometers above the liquid—air interface. At the fundamental frequency (240
MHz) and second-harmonic frequency (480 MHz), greater fluid motion was
generated, as compared to other frequencies. The heat generated in the mixer is
very low compared to the PZT-actuated mixer [488].

In another report, an ultrasonic mixer was constructed on a PDMS—quartz
chip using a ZnO film. The ZnO film (8 um) was deposited on the quartz plate
with a patterned Au electrode (300 nm) for excitation. Operation frequency was
450 MHz. No heating or bubble formation were observed with a power level of
15 dBm (or 30 mW at 1.2 V) [489].

It should be noted that at some resonance frequencies (or its harmonics), a
standing wave will be established in the chamber when the two chamber walls
are vertical and parallel to each other. This results in stagnant zones at the nodes
of the standing wave, in which no mixing occurs [84].
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FIGURE 3.47 The ultrasonic mixing process. (a) Videocamera scene at standby state.
Ethanol and water were in laminar flow. Limited diffusion occurred at the interface of the
ethanol and water flows. (b) Ultrasonic vibration ON. The laminar flow changed and
turbulence occurred. (¢) After 2 s of ultrasonic vibration, ethanol was mixed well with
water. (d) Ultrasonic vibration OFF. The laminar flow resumed [327]. Reprinted with
permission from Wiley-VCH Verlag.
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FIGURE 3.48 Cross-sectional view (along with typical liquid-flow directions) of the
liquid mixer microfabricated on a silicon wafer. Also shown on the left is the electrode
pattern of the transducer to form the acoustic-wave sources for a constructive wave
interference in the liquid [488]. Reprinted with permission from Elsevier Science.

3.2.5.5 Other Mixing Methods

Turbulent flow in a Si—Pyrex chip was used for mixing (see Figure 3.49). A higher
flow (0.75 mL/s) resulted in complete mixing, which was not achieved in a lower
flow (0.2 mL/s). The volume of the mixer is 0.27 puL (in a 2.66-mm-long channel).
The higher flow created a turbulent flow, which assisted mixing [495].
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FIGURE 3.49 (Color figure follows page 236). Visualization of the mixing events in the
2.66-mm-long silicon mixer manufactured using deep reactive ion etching. An acid-base
indicator, bromothymol blue (inlet A, neutral form, green), is mixed with HCI (inlet B).
The indicator changes color to yellow (acidic form), and is subsequently mixed with NaOH
(inlet C), resulting in a blue color (basic form) before the mixture leaves the chip (outlet
D). (A) Flow velocity of 0.2 mL/s results in incomplete mixing. (B) Flow velocity of 0.75
mL/s results in complete mixing [495]. Reprinted with permission from the American
Chemical Society.

A small magnetic stirring bar (2 mm dia. X 7 mm) was used to enhance
mixing in a PDMS-glass chamber (50 uL). This led to a three- to four fold
increase in the DNA hybridization efficiency [490].

Fast mixing of reagents in a PC microchannel was achieved by thermally
triggering individual liposomes containing these reagents, instead of by flowing
them in channels. The permeability of liposomes near the gel-to-liquid phase
transition temperature was greatly increased through the modulation of temper-
ature, leading to release of reagents and their mixing [491].

Other micromixers based on various principles have also been constructed.
These principles include vortex [492], eddy diffusion [493-501,654,955], rotary
stirring [502], turbulence [495,503], EK instability [504-506], chaotic advection
[248,507-513], magnetic stirring [514], bubble-induced acoustic mixing [515],
and piezoelectric actuation [516,517].

3.2.6 LiQuip DISPENSING

Electrowetting-on-dielectric (EWOD) was developed for moving droplets. In
EWOD, the local wettability of a hydrophobic, dielectric layer is reversibly
changed by applying potentials to the electrodes beneath the layer. Liquid droplets
can be made to travel from one location to another for mixing and reaction. In
the EWOD device shown in Figure 3.50, the bottom plate was formed from a
quartz chip patterned with poly-Si electrodes insulated with SiO, and coated with
hydrophobic Teflon-AF. The top electrode was a contiguous electrode which was
an ITO-coated glass chip. Aqueous droplets (0.5 uL) were sandwiched between
the two plates and were moved by applying AC potentials (1 kHz, 75V,.) [518].

The hydrophobic passive valve was constructed at the junction of a narrow
side channel and a wide main channel on a PDMS chip for liquid droplet
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FIGURE 3.50 Side view of an EWOD device (not to scale). The bottom plate served as
the base for a pattern of polysilicon EWOD electrodes (1 mm?, 4-um gap) buried under
the thermal oxide. A top plate was formed from ITO on glass; both plates were coated
with Teflon-AF. The plates were joined with double-sided adhesive tape as a spacer [518].
Reprinted with permission from the American Chemical Society.
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FIGURE 3.51 Schematic diagrams of droplet operation; (a) Introduction of liquid A and
liquid B, (b) Introduction of air, dispensing droplets with certain volumes (3.5 nL or 20
nL) in metering channels, (c) Injection of liquid A into the mixing channel by applying a
higher pressure, and (d) injection of liquid B and mixing [260]. Reprinted with permission
from the American Chemical Society.
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dispensing and mixing (see Figure 3.51). First, liquids A and B were introduced
from the sample channels. Second, air was used to remove liquids in the sample
channels, leaving the liquid only in the metering side channel. Third, air pressure
was increased for the liquids to burst through the hydrophobic passive valve into
the main channel, and to be mixed together. The images showing the sequences
of events are depicted in Figure 3.52. Figure 3.52f shows the situation after the
reaction. Up to 50 such mixing junctions have been constructed on a circular
PDMS chip so that dispensing and mixing at these junctions occur simultaneously
by only two air pressure control channels. Mixing of glucose oxidase, peroxidase,
and mutarotase (lig. A) and glucose, phenol, and 4-aminoantipyrine (lig. B) was
achieved at 37°C to colorimetrically detect the amount of red quinone dye formed
at different glucose concentrations (2—10 mM) [260].

Electrochemical generation of gas bubbles has also been employed for dosing
precise nanoliter amounts of liquid [391].
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FIGURE 3.52 Photographs of liquid dispensing and mixing; (a) before the introduction
of liquid, (b) introduction of dye solution, (c) dispensing of dye solution by introducing
air from the upper left inlet, (d) dispensing of reagent solution by introducing air from
the lower left inlet, (e) injection of dye solution, and (f) injection of reagent solution,
mixing, and reaction. Dispensed volume was 20 nL for each liquid. Hydrochloric acid
(0.1 N) was used for the reagent, and the color of the dye solution was bleached within
a few seconds [260]. Reprinted with permission from the American Chemical Society.






4 Sample Introduction

In most cases, sample introduction on-chip is achieved using electrokinetic (EK)
flow [3]. Two important EK injection modes, namely, pinched injection and gated
injection, have been developed. Furthermore, some alternative injection methods
are described.

4.1 ELECTROKINETIC INJECTION

For EK injection, a cross-injector and a double-T injector have been constructed.
The injection and separation modes for a cross-injector versus double-T injectors
(with the 100-um and 250-um “sampling loop”) were visualized as shown in
Figure 4.1 [620].
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FIGURE 4.1 Fluorescence micrographs of injection and separation of a marker (0.4 mM
fluorescein) performed on a glass microchip, using different injector configurations. Injec-
tions and separations are shown in (a—c) and (d—f), respectively. Injector configurations:
straight cross (a, d), 100-um offset double-T (b, e), and 250-um offset double-T (c, f).
The illustrations to the left of the photographs show the injector configurations and applied
voltages during injection and separation modes [620]. Reprinted with permission from the
American Chemical Society.
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The aforementioned injection of a solution plug is termed as plug injection.
Another sample introduction mode is stack injection. Stack and plug injections
used in DNA separation have been compared (see Figure 4.2). Under similar
conditions, the plug injection produced a better resolution, whereas the stack
injection produced a higher sensitivity (see Chapter 6, section 6.2 for more on
CE separation) [315].
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FIGURE 4.2 (a) Schematic diagram of the stack injection and plug injection methods. The
hatched regions indicate the sieving gel medium in the separation channel. (b) Electro-
pherogram comparing the stack and plug injection methods. A sample containing ¢X174
Haelll fragments at 10 ng/uL was injected for 1 s in each experiment. The buffer consisted
of the standard TAE/HEC sieving medium with 1 uM of the TO dye. A signal of 8000
photons per second over background corresponds to 100 pg of DNA per UL in the separation
channel [322]. Reprinted with permission from the National Academy of Sciences.
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With EK injection, reasonable reproducibility (RSD in migration time and
peak area are 0.1% and 2%, respectively) in 11 successive injections/separations
has been reported (see Figure 4.3). Here, a double-T injector consisting of a
“sampling loop” of 150 um long was used [340]. In a later report, repetitive
injections and separations also resulted in good migration time RSD (0.06%) and
peak height RSD (1.7%) [547].

It was found that a 250-um double-T injector increased in the peak signal as
compared to a straight cross-injector [548,620]. Although a five-fold increase was
expected based on the intersection volume calculation of a 250-um injector versus
a cross-injector, the discrepancy was likely to be caused by the back flow of
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FIGURE 4.3 Repetitive sample injection and separation. Cycle conditions: injection time,
5 s; dead time, 1 s; separation time, 45 s; dead time, 1 s. The insets show two separation
events on an expanded time scale. Sample: fluorescein-labeled phosphorothioate oligonu-
cleotide mixture, poly(dT),,,s. Separation conditions: buffer, 100 mM Tris, 100 mM boric
acid, 2 mM EDTA, 7 M urea, pH 8.5; Electric field strength, 2300 V/cm; separation length,
3.8 cm [547]. Reprinted with permission from the American Chemical Society.
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FIGURE 4.4 Slides (a) and (b) are composed of HF etched channels with powder-blasted
access holes in (a). The bonding of the two slides gives a cross-shaped channel layout (c)
of injection volume of 27 pL [314]. Reprinted with permission from the American Chem-
ical Society.

analyte upon applying the push-back voltage (for preventing leakage) [620].
Another way is to create the cross-injector (20 wm deep) by aligning the top and
bottom channel plates (each 10 um deep) (see Figure 4.4) [314].

In EK injection, sample introduction is usually biased. However, the sample can
be introduced to a microchip in a non-biased manner, as long as the electric voltage
was applied for a sufficient time so that the slowest migrating component has passed
the intersection and entered the analyte waste channel. Accordingly, the sample
composition at the intersection is representative of that in the original sample, though
it is not the case somewhere downstream in the waste channel [107,340].

EK injection bias still exists in pinched injection, with neutral species injected
in a greater amount than anionic species. However, the orthogonal nature of the
loading and injecting steps reduced this bias, although it did not completely
eliminate it [549].

In a T injector, which eliminates the need for a waste channel and reservoir,
biased EK injection may result in loading higher mobility analytes in a larger
amount at the expense of the lower mobility ones. A delayed back biasing (for
25 s) was useful which allowed sufficient loading of higher-MW (low mobility
in gel) DNA fragments, before a push-back voltage was applied [980].

According to another report, when DNA fragments are loaded from an aque-
ous reservoir to a gel-filled channel, a differential concentration effect occurs.
First, the fragments are concentrated in the gel phase because of lower electrical
mobilities of the fragments in the gel relative to the aqueous phase. This concen-
tration is biased toward larger DNA fragments. Such bias is favorable as the
amount of larger fragments is usually smaller than smaller fragments in a DNA
sequencing mixture [265].
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A wide sample exchange channel (1 mm wide, 200 um deep) was interfaced
to the shallow EK sample introduction channels (36 um wide, 10 pm deep) in a
glass chip. This allowed fast sample loading and replacement into a CE chip.
This automated procedure was achieved by HDF, without disturbing the liquids
within the shallower and narrower sample introduction channels [117].

4.1.1 PINCHED INJECTION

In plug injection, there is sample leakage of the sample plug around the inter-
section. The leakage has been attributed to diffusive and convective phenomena
[550]. This leakage can be reduced by using the pinched mode in which the
buffers from two adjacent channels are flowed in to shape the plug (see Figure
4.5) [136]. For clarity, the plug injection without using the pinching voltage is
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FIGURE 4.5 Images of sample injection at a cross-injector in a glass microchip; (a) no
fluorescent analyte, (b) pinched injection of rhodamine B, (c) floating injection of
rhodamine B [136]. Reprinted with permission from the American Chemical Society.
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thus called floating injection. It was found that an increase in the pinching voltage
resulted in fewer injected materials, whereas a decrease in the pinching voltage
caused less peak symmetry [S551].

The temporal stability of the injection plug size is quite good in the pinched
mode regardless of the loading time. However, in the floating mode, the plug size
continually increased with the loading time. Reproducibility for five successive
injections gives 1.7% RSD in the peak area for the pinched injection, as compared
to 2.7% RSD for the floating injection [136].

In one report, even though pinched injection was used, the actual injected
amount did depend on loading time if the ionic strengths of the sample and run
buffers did not match [552]. It was also found that unless the sample is strongly
pinched, pinched injection will inject different volumes depending on the inject-
ing voltage [71].

Even if pinched injection was used, baseline drift of repetitive pinched injec-
tions was noted. This was attributed to the meniscus surface tension (Laplace
pressure) effect, even though other possible effects (evaporation, buffer depletion
due to electrolysis, siphoning, Joule-heat-induced viscosity change) are mini-
mized [553].

Sample leakage can cause peak tailing [102]. To avoid this, the buffer is
pushed back into the analyte channel and analyte waste channel by applying a
push-back voltage [136,324]. This can be applied for a short duration (~ 120 ms),
rather than continuously, to provide a clean cut of the injection plug [551]. Sample
leakage during pre-injection and separation can also be avoided by putting resis-
tors (at least 30 MQ) between the sample waste and ground [365,366]. In the
case of repetitive injection/separation, the loading time for a subsequent injection
should be long enough to compensate for the location of the sample front pushed
back in the previous separation [547].

The floating injection (with no push-back voltage) was successful without
sample leakage in some examples of the separations of DNA [554,925] and
proteins [555], possibly because of slow molecular diffusion in the viscous gel
separation media.

In non-gel solution, if the sample channel width was narrower than the
separation channel width (by five-fold), floating injection did not result in sample
leakage, and no pinched injection was necessary. Moreover, a push-back voltage
was not necessary during separation. In addition, a T injector, rather than a cross-
injector, was sufficient to perform floating injection without leakage, but the
resolution obtained using the T injector was inferior to the cross-injector [556].
If T injectors are used, the number of reservoirs in a multichannel (S) system is
reduced to S + 2, which is the real theoretical limit [556], rather than S + 3 [557].

Various injector geometries (simple cross, double-T, triple-T) were investi-
gated on a glass microchip. The triple-T injector allowed for a selection of different
injection volumes. For instance, a triple-T injector allowed injection of three
different volumes depending on whether a cross, double-T, or triple-T configura-
tion was used (see Figure 4.6) [529]. Pinched injection has been used consecutively
to inject two samples into the same separation channel (see Figure 4.7) [557].
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FIGURE 4.6 Sample loading and injection at (a) cross, (b) double-T, and (c) triple-T
injector [529]. Reprinted with permission from the American Chemical Society.

It was found that during pinched injection mixing occurred at the sample
plug 655 if there were two additional channels shaping the sample plug [578].
To create sample plugs of improved plug width and symmetry, a six-port injector
with two additional channels was designed [558,559]. A recent report has pro-
vided the simulation results for comparison with the experimental observation
obtained in a six-port injector; see Figure 4.8) [109].

Pinched injection of APTS-derivatized sugar isomers in a PMMA chip is
shown in Figure 4.9. A field-amplified stacking effect is apparent, as shown in
the timed events (see Chapter 5, section 5.1 for more on stacking). In this pinched
injection mode (termed as default), even though both B and BW are at GND, the
fact that the BW channel is longer than the B channel results in a larger amount
of sample protruding into the BW channel during loading. To enhance the stacking
effect, a larger amount of sample protruding into the B channel is achieved by
applying a negative potential (-540 V) to BW and +80 V to B, and this pinched
injection mode is known as asymmetric (see Figure 4.10b). For comparison, the
case when equal amounts of sample protrude into both B and BW channels is
termed as symmetric and is achieved by applying —-540 V to BW and B at GND
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FIGURE 4.7 (a) Layout of the sample injector. The sample injector includes four sample
reservoirs, two separation columns, and one common waste reservoir. (b-e) Fluorescence
images illustrating the operation of the injector with fluorescein as the sample [557].
Reprinted with permission from the National Academy of Sciences.

(see Figure 4.10a). The resulting electropherograms for CE separation of sugar
isomers indicate an enhanced signal (or stacking effect) in the case of asymmetric
pinched injection (see Figure 4.11) [560]. In another report, depending on the
conductivity difference between the sample and run buffers, three modes of
pinched injection have been proposed and compared. These are the destacking,
usual, and stacking modes [561].
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FIGURE 4.8 Experiments and numerical modeling of sample introduction using the dou-
ble cross-injection system during (a) loading steps and (b) dispensing steps. Reprinted
with permission from the American Chemical Society [109].
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FIGURE 4.9 Fluorescence images of the sample plug formation during the default
pinched injection with field-amplified stacking. Arrows indicate the direction of flow in
the microchip channels. In loading phase (0 ms), pinching potential at B, and BW wells
were at ground (GND). In separation phase, potentials at 132 ms and 264 ms were the
same as potentials at 66 ms. Buffer: 0.5% methylcellulose in 20 mM phosphate-KOH
buffer (pH 6.66) [560]. Reprinted with permission from the American Chemical Society.
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FIGURE 4.10 Manipulation of the injected sample plug formation by adjusting the pinch-
ing voltages. (a) Symmetric pinched injection. In loading phase, field strengths at B and
BW channels were adjusted to be equal to 171 V/cm, using B at ground and BW at —540
V. (b) Asymmetric pinched injection. Field strengths at B and BW channels were adjusted
to be equal to 171 V/cm, using B at +80 V and BW at —-540 V during downloading. Other
conditions are un-highlighted as in Figure 4.9 [560]. Reprinted with permission from the
American Chemical Society.

Another way to implement pinched injection is to apply the pinching voltage
directly from the sample loading voltage (A) (see Figure 4.12). A gold electrode
joins some downstream position (A”) in the sample loading channel (hence a lower
voltage) to some positions in the buffer channel (C’) and buffer waste channel (D).
Note that there is no fluidic connection between A’ to C” and to D’ [562].

Usually EK injection is conducted with three to four ports on a chip. However,
EK injection has also been achieved with only two ports, as shown in the cross
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FIGURE 4.11 Microchip electropherograms of APTS-G,, -G,’, -G, and -Gy (2.1 x 1077
M in water. (a) symmetric pinched injection; (b) default pinched injection; (c) asymmetric
pinched injection; Conditions: 0.5% methylcellulose in 20 mM phosphate buffer (pH
6.66);field strength: 300 V/cm. Sample: 2.1 x 10-* M APTS-G,, -G,, -G, and -G’ in
water. Note G2 is maltose, G2’ is cellobiose, G3 is matriose, G3” is panose [560]. Reprinted
with permission from the American Chemical Society.
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FIGURE 4.12 Schematic drawings of CE chips with added microelectrodes to achieve
the pinching effect: (a) the conventional cross type CE microchip, (b) two Au electrodes
of equal lengths were added (x = y = 0.5 mm) [562]. Reprinted with permission from the
Royal Society of Chemistry.

section diagram in Figure 4.13. Figure 4.13a shows that the sample first goes
down the left reservoir and then goes up the right reservoir, and fills up the
common region in the channel underneath both reservoirs. Subsequent procedures
completed the injection to the left. This procedure is necessary in synchronized
cyclic capillary electrophoresis (SCCE) for dsDNA separation (see Chapter 6,
section 6.2.6 for more on SCCE). Moreover, this procedure will save the number
of reservoirs in a multichannel chip [311].

In addition to the use of pinched injection for liquid samples, the method is
also used for injection of an air sample, as pinched by He gas. Seven injections
of air (N,) were made into a He carrier flow for GC analysis, as shown in Figure
4.14. N, was detected by a capillary OED (by the N, band at 337 nm) [563].
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FIGURE 4.13 Scheme of electrokinetic injection achieved by only two reservoirs [311].
Reprinted with permission from the Royal Society of Chemistry.
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FIGURE 4.14 Seven repeated injections (spaced 50 s) of air into the helium carrier flow
using a chip with a cross-injector for GC analysis. Detection with capillary plasma detector
using the 337-nm N, band [563]. Reprinted with permission from the Royal Society of
Chemistry.
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4.1.2 GATED INJECTION

For continuous sample introduction, gated injection was adopted. With EK flow,
the analyte continually flowed in parallel with a separation buffer to the analyte
waste reservoir (see Figure 4.15). Injection of the sample analyte was achieved
by interrupting the flow of the buffer for a short time (known as the injection
time) so that the analyte stream was injected. This scheme was achieved by four
reservoirs (without considering the reagent reservoir) and two power supplies
[317]. Gated injection has also been achieved using one power supply and three
solution reservoirs [564].

Analyte
Reservoir
V,=07kV
Buffer l Analyte waste
Reservoir Reservoir
Vg =1kV Vaw = 0kV
l Eqep =200 V/em
Reagent
Reservoir —
Vg =0.7kV
l E;xm =425 V/cm

Waste
Reservoir
Vy =0kV

L
i

—

60 um

FIGURE 4.15 Schematic diagram of flow pattern for a gated injector. CCD images of
the gated injection using rhodamine B (b) prior to injection, (c) during injection, and (d)
after injection into separation column with £ =200 V/cm [317]. Reprinted with permission
from the American Chemical Society.
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This gated injection method has allowed the sample loading to be achieved
in a continuous manner; whereas a pinched injection mode cannot [317]. There-
fore, the gated injection has also been employed for two-dimensional (2D) sep-
aration: OCEC/CE [333,666] or MECC/CE [565] (see Chapter 6, section 6.4 for
more on 2D separation).

An OCEC/CE separation has been achieved on a glass chip, shown Figure
4.16. The sample injection scheme is shown in Figure 4.17, and the timed events
are shown in Table 4.1. For the first-dimensional OCEC separation, the initial
injection (a — b) was performed for 0.5 s. Subsequently, serial sampled injections
(a — c¢) were conducted for the second-dimensional CE separation (for 0.2 s
every 3.2 s). The relay-controlled gated injection for OCEC/CE separation has
RSD values of 1.9% in migration time and of 5.5% in peak area for rhodamine
B (10 uM) during 200 serial injections. The plate height remained below 2 um
as long as the concentration of rhodamine B was below 100 uM [333]. When
faster-switching power supplies were used, the sampling time for the second
dimension was reduced to 20 ms [565], as compared to 0.2 s as mentioned above
[333,666]. This leads to a faster sampling rate of 1 s/sample [565], as compared
to 3 s/sample in previous reports [333,666].

However, the gated injection mode has two problems: (1) the injection plug
length increases with the injection time, and (2) the plug length is longer for
faster migrating species, leading to a biased injection [317]. Moreover, because
of the turn at the injector, there was an additional sampling bias due to transradial
electrokinetic selection (TREKS), i.e., the faster moving molecule traced out a
larger turning radius than the slower moving molecules [566].

boi

9
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N : =
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FIGURE 4.16 Image of the glass microchip used for 2D chemical separations. The sep-
aration channel for the OCEC (first dimension) extends from the first valve V1 to the
second valve V2. The CE (second dimension) extends from the second valve V2 to the
detection point y. Reservoirs for sample (S), buffer 1 and 2 (B1, B2), sample waste 1 and
2 (SW1, SW2), and waste (W2) are positioned at the terminals of each channel. The arrows
indicate the detection points in the OCEC channel (x) and CE channel (y) [333]. Reprinted
with permission from the American Chemical Society.
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FIGURE 4.17 Timing diagram for making the initial 0.5-s injection into the OCEC
channel (solid line) and the subsequent 0.2-s injections into the CE channel with a cycle
time of 3.2 s (dashed line) [333]. Reprinted with permission from the American Chemical
Society.

TABLE 4.1
Sample Injection Scheme for OCEC/EC in Figures 4.16 and 4.17

Electric Voltages (kV)

S B1 SW1 B2 SwW2 w2
a 9.5 10.0 5.0 3.0 25 0.0
b (0.5 s) 9.5 8 5.0 3.0 25 0.0
c(0.25) 9.5 10.0 5.0 Open Open 0.0

4.2 HYDRODYNAMIC INJECTION

To avoid sampling bias that is inevitable in EK injection, hydrodynamic injection
(due to liquid pressure difference) is used. This can be implemented even after
EK loading (see Figure 4.18). As soon as the sample was EK loaded up to the
intersection junction, the voltage was turned off for hydrodynamic injection to
occur. The sample plug was truncated when voltage was turned on again. If a
positive voltage was applied, the injection procedure worked only for cations and
slowly migrating anions (because of the need of EK loading). For the injection
of other anions (e.g., Cl-, Cr,0,%), negative voltages should be applied [746].

A similar HD injection procedure was also developed for CEC separation of
3-FITC-labeled peptides (see Figure 4.19). This HD injection has resulted in less
biased amounts of the faster moving components (see Figure 4.19b), as compared
to the case when EK injection was used (see Figure 4.19a) [566].

Another variation is using a continuous HD flow for both loading and injec-
tion, but using an EK gating flow (see Figure 4.20). As long as the gated voltage
is greater than a critical value, the HD flow is prevented from injecting down-
stream until needed. Injection is implemented by interrupting the EK gating flow
for a short time [567]. In a subsequent report, the structure shown in Figure 4.20
was used to carry out full HD injection. The flow-through inlet—outlet channel
allows for uninterrupted sampling [568].
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B (HVy)

SW (HV,)

FIGURE 4.18 Fluorescent micrographs of the EK loading and HD injection process. (a)
EK loading is achieved when the high-voltage sources HV1 and HV2 are switched on.
The sample is transported from the sample reservoir (S) to the sample waste (SW), and
run buffer from the reservoir (B) to the detector (D). (b) For HD injection, both HV sources
are switched off for ~ 3 s. Sample flows in due to hydrodynamic flow. (c) The sample
plug is introduced into the separation channel by switching back on the HV sources as in
(a) [746]. Reprinted with permission from the American Chemical Society.

Pure HDF injection can be achieved for sample introduction by using vacuum
suction. The sample was sucked through an inserted capillary into a short section
of microchannels between three ports. Different amounts could be selected by
filling different sections of the microchip [813]. Pressure injection of a DNA
sample was also achieved via a transfer capillary sequentially to a five-channel
microchip. The use of one capillary allowed for automated sampling necessary
for continuous monitoring of an enzymatic DNA restriction digestion experiment
[320].

A microchip was constructed to sequentially load and inject samples from a
96-well plate for ESI-MS analysis. As shown in Figure 4.21, a sampling capillary
is inserted in the guide tube (P) on the left side by applying a vacuum at the
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FIGURE 4.19 Microchip separation of an FITC-labeled synthetic peptide mixture fol-
lowing (a) electrokinetic injection (0.25 s) and (b) diffusion-based injection (0.5 s). Mobile
phase: 1 mM carbonate buffer (pH = 9.0; separation electric field: 300 V/cm; 1, FITC-
Gly-Phe-Glu-Lys-OH; 2, FITC-Gly-Phe-Glu-Lys(FITC)-OH; 3, FITC; 4, FITC-Gly-Tyr-
OH. Analyte concentrations: 1 + 2 = 4 = 50 uM [566]. Reprinted with permission from
the American Chemical Society.
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FIGURE 4.20 HD loading, HD injection using EK gating. (a) Gating voltage on, no
sample loaded, (b) gating voltage off, sample loaded, (c) gating voltage back on, sample
injected [567]. Reprinted with permission from the American Chemical Society.
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FIGURE 4.21 Photograph of the glass microchip (5 X 2 cm) used for sample injection,
separation, and interfacing into the MS system. To minimize the diffusion loss of the
sample during separation, the connection between the side channels (leading from Q, R,
T, U) and the serpentine separation channel (75 um deep) was etched to 25 um (one-ninth
of the cross section area of the separation channel) [296]. Reprinted with permission from
the American Chemical Society.

sample loading port (Q). The injection sequence is also shown in Figure 4.22.
After loading the sample, a short vacuum pulse was applied to the sample injection
port (R) to fill the sample loop (Figure 4.22b). Then the vacuum was turned off,
and the voltage was applied across the serpentine separation channel (i.e., between
T and the liquid junction) for CE separation and subsequent ES1-MS analysis
(Figure 4.22c). After analysis, all the channels are washed by applying positive
pressure on the liquid reservoir (T, U) and negative pressure on the liquid junction
(Figure 4.22d). The microchip is ready for the analysis of another sample on the
microwell plate [296].

Like gated EK injection, gated HD injection was achieved (see Figure 4.23).
Sample injection volumes from 0.5 to 10 nL. were made in real-time [569]. HD
injection conducted in the pinched and gated modes was achieved on a PET chip
using three syringe pumps and an eight-port rotary valve [570].

HD injection can be achieved using a pressure pulse (2.5-3 kPa) generated
by the electromagnetic actuation of a flexible PDMS membrane placed on the
sample reservoir (see Figure 4.24). Sample plug volume was easily increased by
increasing the pulse duration. Nine consecutive injections for pulse durations of
0.3, 0.35, and 0.4 s are shown in Figure 4.25. Reproducibilities of 1.6%, 1.1%,
and 0.4%, respectively, are demonstrated. Resolution was enhanced when the
pulse duration was longer, as shown by the separation of calcein derivatives [314].

Another HD injection on a Si—glass chip similar to EK injection shown
previously in Figure 4.13 was reported [571]. HD injection has also been used
in various reports [572-575].
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FIGURE 4.22 Sequence of the operation cycle of the microchip: A, loading; B, injection;
C, separation; D, washing. V, vacuum; P, pressure; +, separation voltage [296]. Reprinted
with permission from the American Chemical Society.
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FIGURE 4.23 Sample injection sequence on a PDMS chip. (a) This shows the default
state of the analyzer. (b) This shows a sample injection being loaded by interrupting the
flow out of the sample by-pass, using a valve created in-house. The sample stream backs
up and begins flowing down the main channel. (c) Reinstating the flow out of the by-pass,
the injection pulse is terminated, and returns the system to its default conditions. This
technique has been used to make injection pulses as small as 0.5 mm in length (0.5 nL
volume) [569]. Reprinted with permission from Elsevier Science.

4.3 OTHER SAMPLE INJECTION METHODS

An optically gated injection was demonstrated for the CZE separation of four
amino acids labeled with 4-chloro-7-nitrobenzofurazan (NBD-F) in a one-channel
chip [576] or a four-channel chip [577]. The gating beam was used to continuously
photobleach the sample, except for a short time during injection by interrupting
the beam (100-600 ms) using an electronic shutter. With only a sample reservoir
and a waste reservoir, the sample continuously flowed electrokinetically. Six
consecutive separations of the same sample mixture have been accomplished in
under 30 s [576,577].
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FIGURE 4.24 Schematic view of the mechanical actuation of the PDMS membrane on
the sample reservoir for pressure pulse injection [314]. Reprinted with permission from
the American Chemical Society.
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FIGURE 4.25 Sequences of nine consecutive pressure pulse injections with 4-s delay
using a mixture of 38 UM calcein and 19 uM fluorescein (a). Species B, C, and D are
derived from calcein. The durations of pressure pulse are (a) 0.3, (b) 0.35, and (c) 0.4 s
[314]. Reprinted with permission from the American Chemical Society.



5 Sample
Pre-Concentration

Several sample pre-concentration strategies have been devised to enrich dilute
samples. The microfluidic chip has the advantage to integrate various microstruc-
tures to achieve sample pre-concentration by stacking, extraction, or other meth-
ods.

5.1 SAMPLE STACKING

Sample stacking, which is based on a lower electrical conductivity in the sample
buffer relative to the run buffer, has been achieved on-chip for sample pre-
concentration. [S78-581]. A 10-fold enhancement in detection signal was reported
for the samples prepared in water, as compared to those prepared in the run buffer
[560].

Although stack injection has been employed previously [316,582], the benefit
of stacking for sample pre-concentration was only studied in detail later [346].
With the sample buffer (0.5 mM) at a 10-fold lower conductivity than the sepa-
ration buffer (5 mM), simple EK stacking using the gated injection was observed.
This was applied to the separation of dansylated amino acids (dansyl-lysine,
didansyl-lysine, dansyl-isoleucine, and didansyl-isoleucine) [346].

It was found that sample stacking did not improve further if the dilution factor
in the sample buffer (relative to the run buffer) was more than 350-fold. This is
because of a loss of resolution due to parabolic flow formed from the difference
in the EOF between the sample buffer (faster EOF) and the run buffer (slower
EOF) [578].

Owing to the EK bias in favor of faster migrating species in stack injection,
the signal enhancement ranged from 31 to 8. However, stack injection produced
less resolution, i.e., fewer plate numbers (N), as compared to those obtained in
pinched injection. In addition, RSD (n = 6) in peak areas for stack, non-stacked,
and pinched injection are 2.1%, 1.4%, and 0.75%, respectively [346].

Stacking of a neutral analyte can also be achieved, but only when a high-salt
(NaCl) sample buffer is employed. The co-ion (CI-) should be present in the
sample buffer at a concentration sufficiently higher than that of the electrokinetic
vector ion (cholate). This causes the formation of a pseudo-steady-state co-ion
boundary that forces an increased concentration of cholate near the boundary,
leading to the stacking effect [583].

Full-column stacking with subsequent sample matrix removed by polarity
reversal was achieved using a pre-concentration channel coupled to the separa-

123
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FIGURE 5.1 The three process steps for full-column sample stacking in a coupled column
configuration fabricated on a Pyrex chip. A sample of 100 nM of FITC-Arg and FITC-
Cly was used [578]. Reprinted with permission from Wiley-VCH Verlag.

tion channel (see Figure 5.1). First, the pre-concentration column is completely
filled with the sample by applying a negative voltage at the stacking waste
reservoir and ground at the sample reservoir. Then the electric field is reversed
to remove the sample matrix toward the sample waste reservoir. During this step,
the anions are dragged slowly and hence stacked. Finally, the stacked sample
plug leaves the pre-concentration channel and enters the separation channel (as
monitored by current measurement), and CE separation starts. This results in a
65-fold pre-concentration when the sample buffer is 1/160-fold as diluted as the
run buffer [578].

To enhance the pre-concentration factor in field-amplified sample stacking,
the conductivity gradient boundaries should be stabilized. To achieve this, a
photoinitiated porous polymer structure was formed near a double-T injector in
a glass chip, as shown in Figure 5.2. The main function of the porous polymer
is to maintain the boundary between the high and low conductivity buffer previ-
ously loaded hydrodynamically (see Figures 5.2a and 5.2b). Therefore, during
EK injection (see Figure 5.2c), the boundary is not disturbed. Separation of
fluorescein and BODIPY is subsequently carried out (see Figure 5.2d). In this
manner, a signal enhancement factor of 1110 was obtained (see Figure 5.3) [584].
This enhancement is a factor of 10 over previously reported on-chip field-ampli-
fied sample stacking [578,585].

Another example of field-amplified sample stacking, which occurs during
pinched injection, has been described in Chapter 4, section 4.1.1.
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FIGURE 5.2 Schematic of a CE assay protocol with field-amplified sample stacking. (a)
High-conductivity buffer is injected from the east reservoir, through the porous structure,
and into all channels. This first step takes longest (about 2 min) because of the high fluidic
resistance of the porous plug. Arrows show the direction of pressure-driven flow. (b) Low-
conductivity buffer is introduced from the west reservoir at a flow rate of approximately
0.1 pL/min for 0.5 min. Here, the porous structure provides high fluidic resistance which
minimizes the mixing of two buffers at the upstream plug/buffer interface. (c) Sample is
then electrokinetically loaded into the double-T injector. Negatively charged sample ions
electromigrate from the south reservoir (grounded) to the north reservoir (1 kV). (d)
Stacking, separation, and detection of samples in the separation channel. The separated
sample bands are depicted in the figure as two rectangles near the detector [584]. Reprinted
with permission from Wiley-VCH Verlag.

5.2 EXTRACTION

Both liquid-phase and solid-phase extractions have been used for sample pre-
concentration or cleanup. For instance, an OTS-coated glass channel was
employed for liquid-phase extraction, leading to an enrichment of samples (the
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FIGURE 5.3 Electropherograms of fluorescein and BODIPY separations (a) without and
(b) with field-amplified sample stacking. Fluorescence signal is normalized with exposure
time in both plots. The position of the detector is 10 mm from the downstream channel
intersection of the chip. The signal increase is 1100-fold for the stacked case, and resolution
increases from 3 to 120 [584]. Reprinted with permission from Wiley-VCH Verlag.

neutral coumarin dye C460). It was found that the dye (8.7 nM) was enriched
by 80-fold (in 160 s). Acetonitrile (15%) was used for the loading and enrichment
in the liquid-phase extraction procedure. Subsequently, 60% acetonitrile was used
for elution [586].

Sample pre-concentration was also achieved based on solid-phase extraction.
This was carried out on ODS-coated silica beads (of diameter 1.5-4 wm) trapped
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in a cavity (10 um deep) bound by two weir-type structures (9 um high) (see
Figure 5.4). Concentration enhancement up to 500-fold was demonstrated using
a non-polar analyte (BODIPY) eluted by acetonitrile [587,639].

In another report, an on-chip chamber containing a capture matrix was used
for sample cleanup. A 2-uL unpurified sample is concentrated into a smaller
volume (~ 10 nL), and this yields a volumetric concentration factor of ~ 200.
Longer residence time can be achieved by using a doubly tapered chamber. Here,
the electric field is 10-fold lower within the chamber than within the tapered
channel. So, a high-field (fast) sample introduction is followed by a low-field
(slow) sample flow past the capture matrix, increasing the residence time so that
the binding kinetics are dominant over electromigration [971].

To provide a stable and reproducible solid phase, the silica beads that were
packed into glass microchips should be immobilized. This was achieved by using

A L Covelr glass
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Packed chamber —/ " Etched plate

(b)

FIGURE 5.4 (A) Drawing of cross section of a packed chamber, showing weir heights
in relation to channel depth and particle size. (B) Images of the chamber (a) at an intial
stage of EK packing and (b) after it is completely filled with beads [639]. Reprinted with
permission from the American Chemical Society.
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a sol-gel (from TEOS [tetracthoxysilane]) to act as the interparticle glue. The
immobilized beads were employed to purify DNA from human whole blood and
bacterial samples [331].

Other than beads, porous polymer monoliths, which were photopolymerized
in a COC chip, were used for solid-phase extraction. It is known that priming
polymeric surfaces is not as simple as priming silica surfaces, which use a
common surface primer agent, TMPM. Therefore, the grafting method as initiated
by UV should be used to attach the polymer monoliths [588]. A similar strategy
was used for sample pre-concentration of PAHs (e.g., pyrene). Pyrene (900 nM)
was first concentrated by 400-fold in 24% ACN before switching to 56% ACN
for CEC separation (see Figure 5.5) [148].

A monolithic hydrophobic polymer formed by photoinitiated polymerization
for on-chip solid-phase extraction is shown in Figure 5.6. The polymer mixture
includes butyl methacrylate (BMA) and ethylene dimethacrylate (EDMA), with
the pore size controlled by the composition of the hexane/methanol porogenic
mixture. The degree of pre-concentration depends on the flow rate, as shown in
the pre-concentration of GFP at three flow rates (see Figure 5.7). The factors of
pre-concentration were 355, 756, and 1002 for the flow rates of 3, 1.03, and 0.53
uL/min, respectively [342].

Sample pre-concentration was also achieved for gaseous samples. A flow-
through Pyrex chip consisting of the silica-based solid absorbent was used for
pre-concentration of the BTX gaseous mixture. A thin-film heater was used to
desorb the adsorbed gas molecules, which flowed downstream for UV absorbance
detection. LOD of 1 ppm (toluene) was achieved as compared to 100 ppm without
pre-concentration [131,715]. With an additional air-cooled cold-trap channel
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FIGURE 5.5 Chromatograms of (a) 1-s injection without sample pre-concentration and
(b) 320-s injection with concentration. The sample was 900 nM pyrene [148]. Reprinted
with permission from the American Chemical Society.
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FIGURE 5.6 SEM image of the monolithic polymer in a borofloat glass chip [342].
Reprinted with permission from the American Chemical Society.
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FIGURE 5.7 Elution of green fluorescent protein from the hydrophobic monolithic con-
centrator. Conditions: loading, 200 pL of 18.5 nmol/L protein solution in 8 mmol/L
Tris—HCl buffer (pH 8) containing 0.95 mol/L ammonium sulfate, flow rate 3 puL/min;
elution with 1:1 acetonitrile/water at a flow rate of 3 (1), 1.03 (2), and 0.53 puL/min (3)
[342]. Reprinted with permission from the American Chemical Society.

located after the adsorbent region, the desorbed molecules were prevented from
being diluted before reaching the detection cell, and a further improvement of
LOD of toluene to 0.05 ppm was achieved [589].

5.3 POROUS MEMBRANE

A porous membrane structure (made of sodium silicate) was fabricated to pre-
concentrate large molecules such as DNA. This structure (of width 3—12 pum)
allows electric current to flow, while preventing large molecules from passing
through (see Figure 5.8). This is a physical stacking method based on a reduction
in the sample volume by removing small solvent molecules [590]. With this
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FIGURE 5.8 Schematic of the injection tee and porous membrane structure is shown in
(a). Porous membrane region width is 7 um. CCD images of analyte concentrated for (b)
2 min, and (c) 3 min. Injection of concentrated analyte plug is depicted in (d). All channels
are filled with 3% LPA in 1x TBE buffer. DNA sample: 25 pg/mL ¢X174-Haelll digest
with 6.0 pM TO-PRO dye added [590]. Reprinted with permission from the American
Chemical Society.

method, pre-concentration of PCR products (199 bp) has been achieved (see
Figure 5.9). The product was obtained in 20 PCR cycles with starting DNA
template copy number of 15 in an injection volume of 80 pL. In fact, as few as
10 PCR cycles, with a short analysis time of less than 20 min, can be achieved
[925]. More details on PCR are described in Chapter 9, section 9.2.1.

Another common sample pre-concentration method is dialysis which serves
to remove small molecules. For instance, affinity dialysis and pre-concentration
of aflatoxins were achieved in a copolyester chip (see Figure 5.10). After affinity
binding to the aflatoxin B, antibody, various aflatoxins (B, B,, G,, G,, G,,) in a
sample were retained, while the other small molecules passed through a PVDF
dialysis membrane. Thereafter, the sample solution was exposed to a countercur-
rent flow of dry air, leading to water evaporation and analyte concentration. The
concentrated and desalted sample was used in subsequent MS analysis [821].
More details for MS analysis are described in Chapter 7, section 7.3.



Sample Pre-Concentration 131

3.0
No concentration

_A

2.5 A

199-bp
2.0

1.5
100 sec concentration

LIF (arb. units)

1.0

)

0‘0 T T T T T
60 70 80 90 100 110 120

Time (s)

FIGURE 5.9 Electrophoretic analysis without and with 100-s pre-concentration of PCR
product (199 bp), which was obtained after 20 PCR cycles [925]. Reprinted with permis-
sion from the American Chemical Society.
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FIGURE 5.10 Side-view schematic of miniaturized affinity dialysis and pre-concentration
system. I, II, and III indicate top, middle, and bottom imprinted copolyester pieces,
respectively. Piece II is imprinted on both sides. Two PVDF membranes separate the
copolyester channels [821]. Reprinted with permission from the American Chemical

Society.
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Countercurrent dialysis was achieved through a dialysis membrane sand-
wiched between a laser-ablated PC sheet for sample flow (0.5 uL/min) and a
polyimide sheet for buffer flow (100 puL/min) (see Figure 5.11). This device
produced a desalted sample (horse heart cytochrome c) for subsequent MS anal-
ysis (see Figure 5.12) [811].

Microdialysis was achieved in a fused silica chip with in situ photopatterned
porous membrane, as shown in Figure 5.13. Phase-separation polymerization of
the membrane (7-50 pwm thick) was formed between posts. The posts maximize
the mechanical strength of the membrane so that it can withstand a pressure drop
of ~ 1 bar. Low MW cutoff (MWCO) membrane, which can be formed by using
less organic solvent, 2-methoxyethanol, appears to be more transparent (see
Figure 5.13). This low MWCO membrane can be used to dialyze away low MW
molecules, such as rhodamine 560, but not fluorescently labeled proteins (insulin,
BSA, anti-biotin, and lactalbumin). High MWCO membrane, which was formed
by more organic solvent, allows diffusion of lactalbumin [347].

A nanocapillary array membrane was sandwiched between two PDMS layers
to achieve pre-concentration (see Figure 5.14) [591]. The array is a PC nuclear-
track etched (PCTE) membrane. The membrane is ~ 10 wm thick, and consists
of 200-nm pores which are coated with PVP. Before use, the array was condi-

2 mm

FIGURE 5.11 Schematic representation of a dialysis chip that is formed by sandwiching
a dialysis membrane (MW cutoff 8000) between the sample channel (160 um wide) and
buffer channel (500 pm wide) after alignment of the microchannel device [811]. Reprinted
with permission from the American Chemical Society.
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FIGURE 5.12 (a) ESI-mass spectrum of 5 uM horse heart myoglobin in 500 mM NaCl,
100 mM Tris, and 10 mM EDTA by direct infusion; (b) ESI-mass spectrum of previous
myoglobin sample after desalting, which was achieved by on-line microdialysis using 10
mM NH,OAc and 1% acetic acid as dialysis buffer [811]. Reprinted with permission from
the American Chemical Society.

tioned for at least 5 min by applying ~ 10 V to induce a buffer flow through the
pores. Gated injection of FITC-labeled amino acids was achieved by biasing both
ports (P, Q) at the upper injection channel versus the waste port (S) at the bottom
separation channel. Separation occurs when R is biased versus S in the separation
channel. Loading and injection are shown in Figure 5.15. The volume at the
gating intersection (75 pL) defines the smallest sample plug volume injected.
However, the volume can be increased by increasing the injection time (0.3-7.5
s). For instance an injection volume of ~ 200 pL is obtained by a 0.5-s injection.
Reproducible injection and separation are observed, as shown in Figure 5.16.
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FIGURE 5.13 Left: low MWCO membrane (deionized water:2-methoxyethanol = 3.7:1).
Right: high MWCO membrane (deionized water:2-methoxyethanol = 0.34:1). The post
diameter is ~ 50 um. For phase-separation polymerization, the monomer is 2-(N-3-sulfo-
propyl-N,N-dimethylammonium) ethyl methacrylate, the cross-linker is methylene bisacry-
lamide, and the plotoinitiator is 2,2’-azobis(2-methylpropanimidamide dihydrochloride). To
prevent unwanted polymerization that may occur by heat and molecular diffusion outside
the UV-irradiated region, a polymerization inhibitor, hydroquinone, is also added. To facil-
itate covalent attachment of the porous membrane to the silica surface, it is first coated
with 3-(trimethoxysilyl)propylacrylate [347]. Reprinted with permission from the American
Chemical Society.
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FIGURE 5.14 (a) Schematic of a three-dimensional gated-injection separation device
consisting of two crossed microfluidic channels with a PCTE membrane interconnect. (b)
Electrical bias configurations for active electrokinetic injection control. (Right) Nanocap-
illary array gated injections. (Left) Main channel separations [591]. Reprinted with per-
mission from the American Chemical Society.
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FIGURE 5.15 Fluorescence image series for gated injection of an analyte (5 uM fluores-
cein in 5 mM phosphate buffer, pH 7.8) band across the PCTE membrane consisting of
200-nm-diameter capillaries: (a) before injection with separation voltage bias (400 V)
applied, (b) during injection voltage bias (400 V, 0.5 s), and (c) after switching back to
separation voltage bias (~ 1 s after injection). Images were captured from a video recording
of a 100-repetitive-injection experiment. Fluorescence from the injection channel (hori-
zontal) appears with artifacts associated with being out of focus as a result of being above
the focal zone of the separation channel (vertical) [591]. Reprinted with permission from
the American Chemical Society.

The injection process is also monitored graphically (Figure 5.17). The detec-
tion point was located downstream of the separation channel (see Figure 5.14 for
notations). Upon application of +40 V at S, buffer flows back from S and dilutes
the fluorescence background, showing a negative peak around 50 s (see Figure
5.17, right). Upon application of —40 V at S, fluorescein flows to S, showing a
positive peak around 150 s. This phenomenon is similar in the case of using a
neutral dye (BODIPY), indicating the microfluidic transport in the microfluidic
PDMS channels (with negatively charged surface) is dominant over nanofluidic
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FIGURE 5.16 Reproducibility for the three consecutive separations achieved after gated
injection through the PCTE membrane. Separation of FITC-labeled arginine (2.5 uM, first
major peak) and tryptophan (7.5 M, second major peak) was achieved in 5 mM phosphate
buffer (pH 7.8). Fluorescence intensity (left axis) in the detection region is depicted as
the solid line. Detection was performed 2.0 cm downstream of the gated injection area.
The applied separation bias (V,,, or AV), which is either 0 or 3 kV, is depicted as the
dashed line. Injection bias (V,,;) was applied concurrent with the separation bias being
switched to 0 V, thus marking the 0.3-s injection times. The two smaller peaks at inter-
mediate retention times are identified as impurities associated with FITC labeling [591].
Reprinted with permission from the American Chemical Society.
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FIGURE 5.17 Migration of a probe across the PCTE membrane consisting of capillary
arrays with 15-nm (left) and 200-nm (right) pore diameters connecting two 100-um-wide
PDMS channels. Fluorescence intensity (solid line, left axis) and applied bias, AV (dashed
line, right axis) are plotted as a function of time to monitor the transport of 0.17 uM
fluorescein in 5 mM (pH 8) phosphate buffer [592]. Reprinted with permission from the
American Chemical Society.
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transport in the nanocapillary array (with positively charged surface). On the
other hand, if the nanopore size decreased to 15 nm, the flow of fluorescein
occurred when S was biased at +40 V. This suggests a dominant nanofluidic
transport due to a greater voltage drop across the smaller nanopore. A modeling
study shows a ~ 25% voltage drop across the nanocapillary array consisting of
15-nm pores, as compared with <2% for 200-nm pores [592]. Such a nanocap-
illary array membrane has also been used for fluidic switching [593].

Preconcentration of anionic FITC-labeled peptides (human necrofibrin, MSH-
release inhibiting factor) was also carried out with the nanocapillary array mem-
brane. It was found that negatively charged fluorescein was concentrated by 300-
fold, whereas positively charged R6G was not retained at the membrane and no
concentration was observed. This is consistent with the fact that the diffuse layer
on the interior of the nanocapillaries is negatively charged, which repels and
retards the flow of fluorescein, leading to its concentration in front of the mem-
brane [358].

Pre-concentration of proteins was achieved by a nanoporous membrane
formed in a fused silica chip. Subsequent CE separation was conducted to achieve
a concentration factor of 130 for BSA and 160 for phosphorylase b [594].

5.4 OTHER PRE-CONCENTRATION METHODS

One pre-concentration technique is based on sample volume reduction due to
flow confinement. A sample flow through a channel (20 um deep) can be confined
by a perpendicular makeup flow into a thin layer (of thickness 2—6 wm) above
the sensing area (see Figure 5.18) [694]. The fabrication of the PDMS 3D
microchip was previously described [181]. This 3D microfluidic confinement
reduces the sample volume, increases the flow velocity, and benefits any mass-
transport limited processes such as heterogeneous immunoassays. The degree of
confinement and hence pre-concentration can be adjusted through the volume
flow rate of the confining flow [595,694]. For the 156 uL/min whole-channel
experiment and the corresponding 25:1 confinement experiment, the consumed
sample volume reduced from 1.9 mL to 80 pL (i.e., a 24-fold reduction), but the
reaction completion time was very similar, presumably due to the diffusion loss
of the sample into the confinement flow. This could be alleviated by using a high-
density aqueous phase (e.g., glycerol solution) or an organic phase as the con-
fining flow [694].

An H-filter was constructed to remove blood cells (see Figure 5.19). Subse-
quent off-chip HPLC analysis was conducted to determine the amount of an
antibiotic, cephalosporin cephradine (0.2-100 pg/mL), in blood [596].

Another pre-concentration method is based on temperature gradient focusing
(TGF) (see Figure 5.20). The focusing effect is caused by the balance of the
electrophoretic flow against the bulk EOF flow. Since electrophoretic flow
depends on the temperature gradient (cf. pH gradient in IEF; see Chapter 10,
section 10.2) by using an appropriate buffer, a balance is attained at a certain
temperature. TGF has been demonstrated with various ionic species (Oregon



138 Microfluidic Lab-on-a-chip for Chemical/Biological Analysis and Discovery

confinement flow

eflow |REEEE
sample flow .{:g T = Ny

V S
CyS-labeled anti-rabbit I2G  immobilized rabbit IzG

FIGURE 5.18 Illustration of the flow confinement concept. In microchannels, a sample
flow is joined with a confinement flow (e.g., water or sample medium) in a perpendicular
orientation. Under laminar flow conditions, no mixing occurs. The sample flow is confined
into a thin layer of higher velocity. For immunoassay application, rabbit IgG is immobilized
on a planar waveguide and Cy5-labeled anti-rabbit IgG is introduced as analyte in the
sample flow [694]. Reprinted with permission from the American Chemical Society.
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FIGURE 5.19 The H-filter cartridge was constructed on a polyester chip for blood cell
removal. The inset illustrates the diffusive mass transfer. First, to prime the device: (1)
the pneumetic valve V2 was closed and blood sample placed in P1 was pumped (via S1)
to fill SL up to V2, and the receiver solution placed in P2 was pumped (via S2) to fill RL
up to H1. (2) Then V2 is opened (V1 is closed), the blood sample was pumped to reach
HI (the start of the H-filter, see inset), and receiver solution was pumped from H1 to H2,
and the waste loop (WL) was back-filled (via S3) to H2. Second, to start the process of
solution flow and diffusive mass transfer, solution pushing (via S1 and S2) and pulling
(via S3) was carried out. The products went to PR and blood cells (which diffused to a
less extent) went straight to WL [596]. Reprinted with permission from Elsevier Science.
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microscope
microchannel

FIGURE 5.20 (Color figure follows page 236). Demonstration of focusing and separa-
tion of a variety of different analytes using TGF on a PC chip. (a) Schematic drawing of
the apparatus. The temperature gradient (~ 25°C/min) was achieved by two end cool Cu
blocks (7 = 10°C using cold water) and one middle hot Cu block (7} = 80°C using an
embedded resistive heater). For the study of GFP, the hot temperature was lowered to
60°C to avoid denaturing of the protein. (b—g) Fluorescence images of focusing zone for
various analytes. Magnification is constant for all images. The total length of each image
is 1.9 mm. (b) Oregon Green 488 carboxylic acid and Cascade Blue hydrazide. (c) The
two products resulting from labeling of aspartic acid with FQ. (d) Mixture of CBQCA-
labeled serine and tyrosine. (e) Green fluorescence protein. (f) Fluorescein- and TAMRA-
labeled DNA. (g) 6-mm-diameter fluorescently labeled polystyrene particles. (h) Same as
(g), but after the channel was rinsed and refilled with the unfocused particle solution [597].
Reprinted with permission from the American Chemical Society.

Green 488 carboxylic acid, Cascade Blue hydrazide, FQ-labeled aspartic acid,
CBQCA-labeled serine and tyrosine, GFP, TAMRA-labeled 20-mer oligonucle-
otide, and fluorescently labeled PS particles; see Figure 5.20). This focusing effect
leads to a pre-concentration factor of 10,000 or greater (from 8 nM to 90 uM for
Oregon Green) [597].
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The temperature gradient can also be achieved at the junction of two micro-
channels of two different cross-sectional areas in the presence of an electric field.
Since there is a higher current density in the narrower channel than in the wider
channel, it is hotter in the narrower channel [597].

Although TGF can be applied to a capillary, this method has not been first
demonstrated in the capillary format, but in the microfluidic format. This is mainly
because of the ease of temperature gradient implementation on the planar chip
surface and the ease of visualization through the optically transparent planar glass
substrate. TGF appears to complement common pre-concentration strategies,
which suffer from various disadvantages. For instance, in conventional methods,
multiple buffers (for stacking) are required, and reproducible surface modification
(for extraction) is usually needed. Moreover, in dialysis, pre-concentration is
applied only to large molecules or particles; in IEF, p/ values may not be acces-
sible by the pH gradient and many proteins at their p/ values are insoluble; in
the stacking method, electrode products are generated. However, one limitation
of TGF is that it cannot be used to focus (or concentrate) any neutral analyte
with zero electrophoretic flow.

A pressurization technique for stacking DNA before separation will be
described in Chapter 9, section 9.4.3.



6 Separation

6.1 GAS CHROMATOGRAPHY (GC)

The first miniaturized chip was fabricated on a Si wafer for gas chromatography
(GC; see Figure 6.1) [1]. Isotropic etch on a 200-um thick Si <100> wafer (5
cm diameter) produced a spiral GC channel (200 um wide, 30 um deep, 1.5 m
long). A relatively short capillary length (1.5 m) with an OV-101 stationary phase
was used for GC analysis of hydrocarbons. An etched Si miniature valve with a
Ni diaphragm (activated by a solenoid plunger) was used for injections. The
separation was completed in less than 10 s. However, the plate numbers only
range from 385 to 2300, and n-hexane and chloroform were not resolved. The
GC chip was incorporated with a thermal conductivity detector (TCD) which was
separately fabricated on another Si chip. It consisted of an etched cavity in order
to reduce thermal mass and to shorten the thermal time constant to about 1 ms.
The cavity was insulated by thermal SiO, (100 nm), sputtered with Pyrex glass
(1.5 wm) and patterned with a Ni thin-film (100 nm) resistor [1].

GC analysis was also carried out on a Si—glass chip using an off-chip flame
ionization detector (FID). Figure 6.2 shows the Golay plots (cf. Van Deemter
plots) of the n-C, peak when both the native and oxidized Si surfaces were used.
H,,, is lower in native Si because of the less polar stationary phase. Figure 6.2

FIGURE 6.1 Photograph of a gas chromatograph integrated on silicon [1]. Reprinted with
permission from IEEE.

141
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also shows the Golay plots when air and H, were used as the carrier gas. As the
viscosity of air is greater than H,, the [, obtained when air is used is lower.
Isothermal GC separation of a 20-component hydrocarbon mixture is shown in
Figure 6.3. To improve resolution, temperature programming was employed, with
the results shown in Figure 6.4 [598]. GC separations of alkanes [599-602] and
methyl esters [603] have also been performed on chip.
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FIGURE 6.2 Height equivalent to a theoretical plate (H) of a GC-separated compound
versus average carrier gas velocity for a 3-m-long silicon channel coated with non-polar
dimethyl polysiloxane stationary phase: (a) native silicon surface; (b) oxidized silicon
surface. Plots A are for hydrogen carrier gas, and plots B are for air carrier gas [598].
Reprinted with permission from the American Chemical Society.
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FIGURE 6.3 Isothermal gas chromatograms at 22°C of the 20-component hydrocarbon
mixture with air as carrier gas using channels coated with (a) the non-polar and (b) the
moderately polar stationary phases. For (a), the native silicon column was used, and for
(b), the oxidized silicon column was used. The insets show the early-eluting peaks on
expanded time scales [598]. Reprinted with permission from the American Chemical
Society.

6.2 CAPILLARY ELECTROPHORESIS (CE)
6.2.1 FRree-SoLuTiOoN CAPILLARY ELecTROPHORESIS (FSCE)

Successful liquid-phase separation on-chip was first carried out in CE, because
EOF pumping can be easily achieved in the microscale. For instance, six fluo-
rescein-labeled amino acids are separated by CE on a Pyrex glass chip (10-um-
deep and 30-um-wide channel) (see Figure 6.5). Separation was achieved in a
very short time of about 15 s [324]. Similar CE separation of calcein and fluo-
rescein were also reported [582]. Separation of a binary mixture of rhodamine B
and dichlorofluorescein was even achieved in only 0.8 ms using a short separation
length of 200 um [604].

An index of separation speed, N/t, was defined, where N is the number of
theoretical plates and ¢ is the migration time [137,340]. The theoretical upper limit
of 8500/s for GIn-FITC (H = 0.3 um) is close to the experimental value of 8300/s.
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FIGURE 6.4 Gas chromatograms of a mixture containing Cs—C,5 normal alkanes using
temperature-programming rates of (a) 10, (b) 20, and (c) 30°C/min. The silicon column
was native non-polar, and the carrier gas was air. In all cases, the initial column temperature
was 30°C, and the temperature program was initiated at the time of injection [598].
Reprinted with permission from the American Chemical Society.

As in conventional CE, the plate height, H, is given by Equation (6.1)
[136,340,547,582]:

H = Hy + H,

inj

+ Hy, 6.1)
The parameters, H, H,,;, and H,,, denote the plate heights due to longitudinal
or axial diffusion, injector length, and detector length, respectively. H,,; usually
accounts for about 50% of the total H [547]. These three parameters are given
in Equations (6.2), (6.3), and (6.4) as follows [102,340,547,550]:

2Dt N 2D(t,; +14)
L L

Hg = (6.2)

2
o 2D(t, +t
inj + ( inj dl) (63)

LINTYs L
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FIGURE 6.5 Electropherogram of the CE separation of six FITC-labeled amino acids in
pH 9.0 buffer. A potential of 2330 V was applied between the injection and detection
points, and a potential was applied to the side channels to reduce leakage of the sample.
The peaks were: 1, Arg; 2, FITC hydrolysis product; 3, Gln; 4, Phe; 5, Asn; 6, Ser; 7,
Gly. The inset shows the approximate layout of the device, with a buffer-to-waste distance
of 10.6 cm [324]. Reprinted with permission from the American Association for the
Advancement of Science.

L, (uET’
H, = % 4 6.4
oL L ©4)

where #,, is migration time; D, diffusion coefficient; #,, delay time between loading
and separation; ,,;, injection time; L, distance from the injection to the detection
points; L, injector length; L, width of detector window (equals the pinhole
size divided by the microscopic magnification); |, electrical mobility; E, electric
field strength; T, time constant of the detection system.

To increase the separation channel length within the compact size on a chip,
a serpentine channel (165 mm long) within an area of 10 x 10 mm was designed
(see Figure 6.6). Unfortunately, band distortion around the channel turns (of
radius 0.16 mm) is substantial (see Figure 6.7). This is caused by the slower
migration speed of a molecule traveling on the outer track of the channel as
compared to the inner track due to longer migration distance and lower electric
field strength. The additional contribution to band broadening is termed as H,
given by Equation (6.5) [136]:

€0?
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FIGURE 6.6 Schematic of a serpentine channel on a microchip. The large circle represents
the cover slip and the smaller circles represent the reservoirs [136]. Reprinted with
permission from the American Chemical Society.
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where n is the number of turns; T'c is the turn radius; 0 is the turn angle. For a
channel consisting of one 90° turn and four 180° turns, H,, is calculated to be

geo

0.85 wm [136]. With this additional term, Equation (6.1) is modified to give
Equation (6.6):

+ H,. + H + Hgg

H = H inj ge0

= (6.6)
0.23um 0.25um 0.85um

It is found that H ., is a significant portion of the solute-independent plate heights

geo

(sum of first three terms); see Equation (6.6) [136].
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FIGURE 6.7 (a) Schematic of the injection cross region imaged; CCD images obtained
during (b) pinched sample loading, and during (c, d, and e) separations at 1, 2, and 3 s,
respectively, after switching to the separation mode using an electric field strength of 150
V/cm. Rhodamine B migrated faster, and sulforhodamine migrated later [136]. Reprinted
with permission from the American Chemical Society.

During CE separation, there is Joule heating due to the flow of electric current.
This effect has been studied by examining the non-linearity in a plot of current
vs. E [107,352]. CE current could be determined by measuring the voltage drop
across a 100-kQ resistor (typically less than 1/1000 the microchannel resistance)
[193]. Deviation from linearity appeared when E was greater than 720 V/cm. At
this value, the electrical power was around 2.3-3.8 W/m. This value was a two-
fold improvement over 1 W/m typically found in fused silica capillary [102].

The additional plate height contribution due to Joule heating is given by
Equation (6.7): [352].

7x10°uE>d*A*C?
HJoule = 2
Dx

6.7)
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where d is the channel depth; A is the molar conductivity of the buffer; C is the
buffer concentration; and x is the thermal conductivity of the buffer.

Using Equation (6.7), the calculated H,,, value is insignificant as compared
to the observed value even though the power becomes greater than 1 W/m when
E is greater than 580 V/cm [352]. The discrepancy may be caused by higher H,,.
values in narrower adjacent sample channels, causing the flow of heated fluid
into the separation channel [193,339].

CZE separation of metal ions (Zn, Cd, Al), which were HQS-derivatized, was
achieved in a microchip. To enhance separation resolution without using an
excessively long channel or high voltage, EOF was eliminated by coating the
channel wall with polyacrylamide, and separation was carried out in the cathodic
mode. The use of a fused quartz substrate resulted in a reduction in fluorescent
background, leading to a LOD of 30-57 ppb [352].

CZE separation of sugar isomers in a PMMA chip was enhanced by using a
phosphate-based, rather than a borate-based buffer. The resolution enhancement
may be caused by a rapid carbohydrate—phosphate complex formation process,
as compared to a slow carbohydrate—borate complex formation process. To reduce
adsorption of the labeled sugar isomers to the PMMA surface, 0.5% methylcel-
lulose (viscosity of 2% aqueous solution at 20°C, 4000 cP) was added to the run
buffer [560].

To resist protein adsorption during separation, PDMS chips were modified
with hydrophilic polyacrylamide through atom-transfer radical polymerization.
This method has shortened CE analysis time for the separation of lysozyme and
cytochrome c¢. Migration of TRITC-labeled BSA at various separation voltages
was shown in Figure 6.8. When the electropherograms were replotted on a scale
normalized for voltage, the peaks nearly lined up, as expected (see Figure 6.9).
A more quantitative assessment of the contribution of adsorption/desorption (or
mass transfer) to zone width can be achieved by examining the Van Deemter plot
(plate height vs. migration velocity), as shown in Figure 6.10. A flat line indicates
the absence of the mass transfer term. It also indicates that the diffusion term is
negligible, as the diffusion coefficient of BSA is 1076 cm? 4 or less. If conventional
polyacrylamide polymerization is used, the capillary electrophoresis results indi-
cate substantial adsorption. This is because the conventional method gives a film
of low density, allowing irreversible entanglement of protein and polymer chains
[174].

FSCE separation of a negatively charged bovine anhydrase II ladder was
achieved in an oxidized PDMS channel, where the negative charge of the oxidized
surface minimized protein adsorption through coulombic repulsion. Separation
of positively charged proteins was also achieved after the attachment of a cationic
polymer to the PDMS surface [1033].

Fast chiral separations were carried out in a quartz chip using a linear imaging
UV detector. Figure 6.11 shows the chiral separation of a tocainide derivative (an
antiarrhythmic drug). UV imaging with a diode-array detector located along the
25-mm-long separation channel reveals the separation between the two enanti-
omers. Another chiral separation of pseudoephedrine was achieved in 13 s. The
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FIGURE 6.8 Electropherograms of TRITC-labeled bovine serum albumin in the PDMS
microchip, surface-modified by polyacrylamide, at varying applied voltages over 4.5 cm
and a separation length of 3.5 cm. The electropherograms are artificially offset for display.
The PDMS surface was first oxidized in an ozone plasma, then treated with 1-trichlorosilyl-
2-(m,p-chloromethylphenyl)ethane. Subsequently, a solution of acrylamide/Cu(I)
Cl/Cu(Il) Cl/tris[2-dimethylamino)ethyl]amine (100:1:0.1:1) was used to perform poly-
merization of acrylamide. It is essential that generation of the hydrophilic polyacrylamide
only occurs in the channel, but not on the sealing region, otherwise leakage will be
worsened by the hydrophilicity of the surfaces [174]. Reprinted with permission from the
American Chemical Society.

compound was found to consist of only 2% excess of the (—) —enantiomer, as
depicted in Figure 6.12 [605]. A protein separation was also reported [910].

Free-solution (gel-free) CE separation has been used in the detection of a
target gene sequence amplified using the CPT reaction (see Chapter 9, section
9.2.1.7 for details). The intact chimeric oligonucleotide probe (fluorescein-labeled
at the 5" end and biotin-labeled at the 3" end) was separated from a cleaved probe
(only fluorescein-labeled at the 5” end). Owing to the presence of biotin in the
intact probe, it migrated later than the cleaved probe, even in the absence of a
gel sieving matrix [606].

CE separation usually requires high voltage. However, application of voltage
> 30 kV was not feasible because of arcing between the Pt electrodes even though
they were wrapped in Tygon tubings for insulation [339]. Lower voltage can be
achieved by using a moving electric field achieved on a series of electrodes
constructed along the separation channel [607].

In one report, open access channel electrophoresis was achieved on a glass
channel plate, with no cover plate [792].

Other CE separations are tabulated in the Appendix.
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FIGURE 6.9 The same electropherograms as in Figure 6.8, except that these are plotted
vs. voltage X time to make the peaks nearly coincide, allowing easier comparison of peak
widths and shapes. The individual data points are shown to clarify the starting and ending
of the peak [174]. Reprinted with permission from the American Chemical Society.
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FIGURE 6.10 Van Deemter plots for capillary electrophoresis (®) and microchip electro-
phoresis (0), where plate height (H) of TRITC-labeled bovine serum albumin is plotted
vs. migration velocity (v) [174]. Reprinted with permission from the American Chemical
Society.
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FIGURE 6.11 Real-time migration patterns (0-37 s) for the chiral separation of a tocain-
ide derivative (2 mg/mL). Electrolyte, 5% highly sulfated-y-CD, 25 mM triethylammonium
phosphate buffer, pH 2.5; detection, UV at 200 nm [605]. Reprinted with permission from
Wiley-VCH Verlag.

6.2.2 CariLLARY GEL ELecTROPHORESIS (CGE)

Capillary gel electrophoresis has mostly been associated with DNA analysis,
which is also covered in Chapter 9, section 9.4.

The first miniaturized CGE separation was achieved in a 12-um-deep and
50-um-wide glass channel. A non-cross-linked sieving medium (10% T/0% C
polyacrylamide) was used to separate single-stranded antisense oligonucleotides
(10-25 b). Separation was achieved at a separation speed of 5000 plates/s and
plate height of 0.2 um within 45 s! Separation efficiency of two thirds of the
theoretical limit (N = 330,000) was achieved, suggesting band broadening caused
by Joule heating was likely to be small [547].
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FIGURE 6.12 Optical purity determination of pseudoephedrine. Conditions are as in
Figure 6.11 [605]. Reprinted with permission from Wiley-VCH Verlag.

CGE separation for oligonucleotide DNA fragments (¢X174 Haelll) has been
achieved in about 120 s in a microfabricated glass channel of 8-um depth and
50-um width. A sieving matrix of TAE buffer and 0.75% (w/v) HEC was used
for separation, and an intercalating dye (1 UM TO or 0.1 uM TO6) was used for
LIF detection (A, = 488 nm, A, = 530 nm). An increase in the electric field
strength from 100 to 180 V/cm shortens the separation time from 400 s to 200
s, with only a slight loss in resolution [316].

Another CGE separation was also performed in a 50-um-wide and 20-pum-
deep channel cast on PDMS. The heat dissipation of PDMS (~ 0.3 W/m) is less
efficient than fused silica (1 W/m), but it is sufficient for most applications with
E of about 100-1000 V/cm [159].

Various sieving matrices for DNA fragment separation in a glass chip were
evaluated. It was found the performance of HEC was comparable to PDMA, but
was superior to polyacrylamide and PEO [611]. Hydroxylpropylcellulose (HPC),
instead of HEC or HPMC, was used as a sieving matrix to achieve better DNA
separations. In addition, the lower viscosity of HPC allows for more concentrated
solution to be used without filling problems. CGE separation of DNA for ana-
lyzing mutations associated with Duchenne muscular dystrophy (DMD) was
demonstrated [612].
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FIGURE 6.13 Electropherograms of $X174 Haelll restriction fragments on the electro-
phoresis microchip using 2% HPMC-50/1 x TBE solution without or with certain amounts
of polyhydroxy buffer additives. Numbers on the bottom electropherogram correspond to
the size of DNA fragments in bp. Applied field strength was 300 V/cm [613]. Reprinted
with permission from Wiley-VCH Verlag.

CGE separation of dsDNA fragments was conducted on a PMMA chip (see
Figure 6.13). Separation using a low-viscosity hydroxypropylmethylcellulose
(HPMC) was enhanced by using polyhydroxyl compounds (e.g., mannitol, glu-
cose, and glycerol) as buffer additives. Apparently, the mannitol-tetraborate com-
plex might form a bridge over HPMC chains and modify the sieving behavior of
the polymer solution [613].

CGE separation of dsDNA was performed in a PDMS chip [183] and a
PMMA chip [614], which used a sieving medium containing Pluronic (F127), a
thermoreversible gel.

When a cross-linked gel is used for CGE separation, high E field or long
separation length was not required, unlike in non-cross-linked gel systems.
However, highly viscous cross-linking gel is very difficult to fill into micro-
channels. Therefore, a cross-linked polyacrylamide gel was photopolymerized
in situ within microchannels. The use of cross-linked gel also allowed sample
compaction and injection (see Figure 6.14). Sample compaction was accom-
plished using electrophoretic injection through the cross-linked gel (see Figure
6.14c). As shown in Figure 6.14d, CGE separation was performed in less than
15 min. over a short length of 0.18 cm! [615].

CGE separation of dsDNA fragments was performed on a PMMA chip using
a near-IR dye (TOPRO-3). This allows the LIF detection of fragments (603—1353
bp) as low as 0.1 ug/mL. DNA sizing of hepatitis C virus (HCV) amplicon was
demonstrated [149].
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FIGURE 6.14 Video sequence depicting the separations using electrode-defined sample
compaction/injection and photopolymerized polyacrylamide gel sieving matrix. In (a) and
(b), a fluorescently labeled 100-bp ladder DNA was compacted at a 50-mm electrode by
applying E of ~ 12 V/cm. (c) Compacted sample was released by switching the electric
field to two electrodes spanning the gel matrix. (d) Separation was initiated from left to
right at E = 20 V/cm. Complete resolution of all fragments was achieved [615]. Reprinted
with permission from Wiley-VCH Verlag.

CGE separation of ssDNA was performed on a Si—glass chip filled with cross-
linked polyacrylamide gel. Separation was carried out at a denaturing temperature
of 50°C, as provided by the Pt thin-film heater fabricated along the separation
channel, as shown in Figure 6.15. With the use of a cross-linked gel, separation
can be achieved in a short distance. To improve resolution, the width of the sample
plug was reduced by an electrode-defined injection scheme using an array of on-
chip electrodes. An E field was applied in the sample loading region which caused
the DNA to migrate toward and be collected at the capture electrode located just
outside the gel interface [95].

Other CGE separations of DNA are included in Chapter 9 (section 9.4) and
the Appendix.

CGE separation has also been used for resolve proteins. For instance,
SDS-PAGE of various proteins was carried out on a glass chip. The separation
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FIGURE 6.15 Schematic drawings (top view) depicting (a) the capture and separation
electrode, heater, and resistive temperature detector (RTD) module on the silicon substrate;
(b) the electrophoresis channel layout on the glass substrate; and (c) the assembled device
consisting of the glass channel bonded on top of the silicon substrate [95]. Reprinted with
permission from Wiley-VCH Verlag.

was ~ 100 times faster than slab-gel SDS—-PAGE [555]. SDS—PAGE of several
cytokines (FITC-labeled IFN-y, IL-2, and IGF) was performed on a glass chip
with UV-initiated photopatterned polyacrylamide [618]. In one report, pressur-
ization has been applied prior to CGE separation of proteins in a PMMA chip.
This approach dramatically reduced migration time, but still retained a plug flow
profile without compromising resolution. Sample plugs were first loaded and
injected electrokinetically. Then pressurization was applied and it was employed
before but not during subsequent CGE separation [619].

6.2.3 MICELLAR ELECTROKINETIC CAPILLARY CHROMATOGRAPHY (MEKC)

In MEKC separation, the elution range (or window) is determined by #,/z,,, which
is given in Equation (6.8) [107]:

(6.8)

Where K is the retention factor; t,, t, and t,, are migration times of neutral solutes,

solutes of interest and micelles, respectively. In this mode of chromatography,
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sorption/desorption kinetics and polydispersity of micelles decrease the separation
efficiency. These effects are summarized in Equation (6.9) [107]:

H=H, +Hyy +H, +H, (6.9)

where H__ is the extra-column band broadening due to finite size of injection and
detection — still the dominant factor; H ., sorption/desorption kinetics — small
for fast hydrophobic interactions between neutral solute and micelles, but large
for slow ionic interactions between charged solutes and micelles; H,, electro-
phoretic dispersion due to polydispersity in micelle sizes (as large as 20% RSD)
— reduced if the micelle concentration is larger, but will cause excessive Joule
heating. Both H,,. and H,, are larger for more retained solute with high &" [107].

MEKC separation of three neutral coumarin dyes was achieved on a glass
chip with fluorescent detection [107]. The separation efficiency of the coumarin
dyes was found to be better in MEKC [107] than in CEC (see Chapter 6, section
6.2.5) [112], when a high E was used in MEKC [107].

Direct comparison of MEKC performed in a microchip and in a fused silica
capillary has been made. It was found that separation efficiency for FITC-Ser (10
uM) was higher in the chip than in the capillary. This is because: (1) the channel
cross section is smaller in the chip (40 X 10 um) than in the capillary (75 um
i.d.); (2) the E value is higher in the chip (1175 V/cm) than in the capillary (215
V/cm) [551].

The MEKC separation of explosives was achieved, except that three isomers
of nitrotoluenes cannot be resolved [620]. A peak height RSD was 1.7-3.8% for
TNB, DNB, TNT, tetryl, 2,4-DNT, 2,6-DNT, and 2-amino-4,6-DNT. But the
linear ranges for TNB, DNB, TNT, and tetryl were only 1-5 ppm! This narrow
linear range, which is caused by the indirect LIF detection based on fluorescent
quenching, may be sufficient for screening, but is certainly not useful for quan-
titation [620].

Another buffer additive, 18-crown-6-ether, which complexed with K*, was
added to the CE run buffer to separate K* from NH,*. This method was applied
to separate a mixture containing seven explosive-related cations and anions in a
PMMA chip. NH,*, K*, and Na* are pre-explosive inorganic cations, NH,*,
CH,;NH;*, K*, and Na* are post-explosive cations, and Cl-, NO;-, and CIO," are
post-explosive anions [621].

Non-aqueous separation of explosives was achieved in a glass chip. Colori-
metric detection was based on the formation of a red-colored derivative, which
was formed between the nitroaromatic compounds and hydroxide or methoxide
ions. This formation was favored in basic CH,CN solution, than in basic CH,OH
or aqueous solutions. Figure 6.16 shows the need of surfactant to enhance sepa-
ration of three explosives. Both negatively charged SDS (hydrophobic interaction)
and positively charged CTAB (electrostatic interaction) produced similar separa-
tion enhancement and resulted in the same migration order [622].

Surfactants, such as SDS [551] and Tween-20 [330], have been employed in
uncoated glass chips for determination of theophylline in human serum without
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FIGURE 6.16 Effect of surfactant type on the microchip separation of 2 mg/L TNT, 1
mg/L TNB, and 2 mg/L tetryl. The separation buffer contained MeCN/MeOH (87.5/12.5
([v/v])), 2.5 mM NaOH, and with (a) no surfactant, (b) 0.5 mM CTAB, (c¢) 1.0 mM SDS.
Applied separation field strength, ~ 506 V/cm, using a 1-s floating injection. Colorimetric
detection was achieved using a green LED source (505 nm) [622]. Reprinted with per-
mission from Elsevier Science.

the severe adsorption problem of the protein (anti-theophylline antibody). The
separation was achieved in 50-fold shorter analysis time as compared to a com-
petitive immunoassay first achieved on a fused silica capillary [551].

The MEKC separation of 19 naturally occurring amino acids has been
achieved with an impressive average N value of 280,000, mainly because of the
use of a 25-cm-long channel. The dispersion introduced by the turn geometry
was reduced by using a spiral channel, instead of a serpentine channel. The spiral
channel with turns of much larger radius of curvature, r, [339], was akin to that
first introduced in a GC chip [1].

The MEKC separation of amino acids using a more conducting buffer (2370
uS) generated fewer N (average 280,000) than a CZE separation of DCF and
contaminants (N = 1,100,000) using a less conducting buffer (438 uS). This is
because more Joule heating is generated in MEKC using a more conducting buffer
[339]. The separation was achieved in only 165 s with a resolution greater than
1.2 when 10% (v/v) propanol, instead of 20% (v/v) methanol, was used as the
organic modifier [339].

MEKC of primary amines from lysate of neuron cells (CATH.a) was achieved
in a glass chip coated with polyacrylamide [623]. MEKC separation of biogenic
amines (in soy sauce) was also carried out in a glass chip using LIF detection
[624].
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The MEKC separation of organophosphate nerve agents was achieved using
amperometric detection. Studies show that the use of MES buffer (pH 5.0) and
7.5 mM SDS provides the best separation performance (short analysis time and
adequate resolution) [625].

MEKC separation with gradient elution was also reported. This was achieved
using different compositions of MeOH or CH;CN on a glass chip [626].

On-chip chiral separation of enantiomers of adrenaline, noradrenaline, and
dopamine was achieved using a mixture of carboxymethyl-B-cyclodextrin
(CMCD) and a polyamidoamine dendrimer (Starburst) [120]. On-chip chiral
separation of enantiomers of homovanillic acid, DOPA, cDOPA, methoxy-
tyramine (MT), metanephrine, and normetanephrine was achieved using a mixture
of 18-crown-6-ether and carboxymethyl-f-cyclodextrin [120].

Chiral separation of FITC-labeled amino acid enantiomers was performed on
a glass chip using fluorescent detection. Analysis time ranged from 75 s for the
most basic amino acids to 160 s for the most acidic ones. y-CD was used as the
chiral selector [627]. Chiral separation of amino acids in extraterrestrial samples
or meteorites were also performed [610,628].

There are other MEKC applications, which are given in the Appendix [629].

6.2.4 IsotacHopPHORESIS (ITP)

Isotachophoresis, which is another CE method, has been used either as a sepa-
ration method or as a sample preconcentration method. For instance, ITP alone
[630] and ITP preconcentration before CZE [630,631] have been achieved on a
PMMA chip (see Figure 6.17). With valves (V,, V,, V, V,), appropriate solutions
are filled to four consecutive columns on a chip in the following order: (1) P, to
W for filling LE to SC2 (and SC1), (2) P, to W for filling SC1, (3) Py to W for
filling TE to Sy (and S), (4) P, to W for filling S [631].

When a second ITP was cascaded with the first ITP, known as concentration-
cascade ITP, SC2 was filled with LE (as in SC1). This concentration-cascade ITP
was achieved for 14 anions (200 uM) within 600 s (see Figure 6.18). When ITP
was followed by CZE (ITP-CZE), SC2 was filled with a background electrolyte
(not necessarily with the greatest mobility). ITP-CZE has been achieved for
nitrate, fluoride, and phosphate (10 uM) in the presence of high contents of sulfate
(800 uM) and chloride (600 uM) [631]. Subsequent work on the reproducibility
on this on-chip ITP separation has been reported [632]. When ITP is performed
at pH of greater than 7, there is a common problem of carbonate contamination
caused by dissolved atmospheric CO, [633].

In another report, transient ITP followed by CZE (tITP-ZE) was achieved
on a PMMA chip. The stacked zone of fluorescein was visualized in Figure 6.19
[634].

Back-transient ITP was carried out for temporary stacking of samples in an
acrylic chip. This stacking works when there is EOF suppression (i.e., the back-
ground electrolyte contains 25 mM HEPES, pH 7.4, 1% PEO). However, this
stacking effect was not satisfactory in the usual pinched injection with push-back
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FIGURE 6.17 Block scheme of the ITP: E & CU, electronic and control unit; HV, high-
voltage power supply; CD1, CD2, platinum conductivity detectors for the first and second
separation channels, respectively; HV-relay, a high-voltage relay switching the direction
of the driving current in the separation compartment; Sy, a high-voltage (terminating)
channel; S, sample injection channel; SC1, the first separation; SC2, the second separation;
CEl, CE2, counter electrodes for the first and second separation channels, respectively;
L,, L,, separation paths for the ITP measurements of the migration velocities on the chip;
E & SMU, electrolyte and sample management unit; V,,V,,V, needle valves for the inlets
of the separation and terminating channels; Vg, a pinch valve for the inlet of the sample
injection channel; W, waste container; P,/P,, Pg, Py, syringes for filling the separation,
sample injection, and terminating channels via FEP tubings [631]. Reprinted with permis-
sion from the American Chemical Society.

voltage (p + pb) during separation, as shown in Figure 6.20. This is because of
the loss of sample during the push-back step. To restore the stacking effect, the
floating injection (float) must be used. The stacking effect is further enhanced
when the sample conductivity was higher than the background electrolyte con-
ductivity (i.e., by adding 25 mM NaCl into the fluorescein sample) (see Figure
6.20) [635].

In another report, ITP followed by CGE was employed for separation of
dsDNA or a PMMA chip. . ITP was employed to concentrate dsDNA, even in a
high-salt buffer (i.e., > 60 mM CI-), and no desalting step was required. It was
because Cl- was used as the leading electrolyte with its net mobility higher than
the mobilities of the dsDNA fragments, which in turn were higher than that of
the terminating electrolyte (e.g., HEPES). A 40-fold signal enhancement, leading
to LOD of 9 fg/uL (72-1353 bp), was obtained. Figure 6.21 shows the CGE
results with or without the prior ITP pre-concentration process [636].
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FIGURE 6.18 An isotachopherogram from the separation of a 14-component model mix-
ture of anions using concentration-cascade ITP. CD2 was used to monitor the separation.
The injected sample contained the anions at 200 UM concentrations. Zone assignments:
LE, leading anion (chloride); 1, chlorate; 2, methanesulfonate; 3, dichloroacetate; 4,
phosphate; 5, citrate; 6, isocitrate; 7, glucuronate; 8, bromopropionate; 9, succinate; 10,
glutarate; 11, acetate; 12, suberate; 13, propionate; 14, valerate; TE, terminating anion
(capronate) [631]. Reprinted with permission from the American Chemical Society.

ITP was also used to concentrate selenoamino acids (methionine, ethionine,
cysteine) prior to CE separation. The transfer of the analytes was carried out at
a bifurcation junction as shown in Figure 6.22. As shown by the two colored
dyes in Figure 6.22a, the ITP zones reached the junction. Then the zones moved
pass the junction to the right CE channel (Figure 6.22b), and continued to separate
further as they moved downstream (Figure 6.22c) [637].

In one report, bidirectional ITP was achieved on a PMMA chip. A common
terminating electrolyte (TE) was employed to achieve simultaneous cationic and
anionic separations. Without a complex injector design, sample introduction was
achieved hydrodynamically for ITP separation [638].

6.2.5 CAPILLARY ELECTROCHROMATOGRAPHY (CEC)

Electrochromatography was first demonstrated in the open-tubular microfluidic
channel coated with octadecylsilane (ODS) as the chromatographic stationary
phase. EOF was used as the pumping system within the 5.6-um-deep and 66-
um-wide channels. Plate heights of 5.0-44.8 um were achieved for three cou-
marin dyes [112]. Open-channel CEC separation was achieved using a stationary
phase of octadecyltrimethoxysilane [148]. CEC separation of some PAHs has
also been carried out on a Pyrex chip with a thin film of C8 stationary phase
formed using a sol-gel process [338].
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FIGURE 6.19 Fluorescence CCD images of tITP—ZE separation during injection (b) and
after ITP concentration (c). (a) shows the general microfluidic channel configuration.
Panels (b) and (c) show results obtained with a 250-pm injector. Conditions: Sample was
1 mM fluorescein. Leading electrolyte: 25 mM Tris*, 25 mM CI-. Trailing electrolyte: 25
mM Tris*, 25 mM TAPS-. Injection field: 300 V/cm, current ~ 18 pA. Separation field:
200 V/cm, current ~ 10 HA [634]. Reprinted with permission from the American Chemical
Society.

4f Float

=
St

Float

n, p+pb ]

(U errn e e e S (O oo ar s s i i s s R

0O 2 4 6 8 10 12 14 0O 2 4 6 8 10 12 14
Time/seconds Time/seconds

(a) (b)

(=
(52}

Relative intensity
< —
Relative intensity

1E 1 p+pb,,,f

FIGURE 6.20 Experimental electropherograms of fluorescein under floating (float) and
pinch-and-pull-back (p+pb) conditions with (a) no NaCl and (b) 25 mM NaCl added to
the sample [635]. Reprinted with permission from The Royal Society of Chemistry.
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FIGURE 6.21 Comparison of resolution and detection sensitivity of ITPZE and ZE sep-
arations. Sample, dsSDNA ¢X174/Haelll in 0.1 x PCR buffer. The ZE sample has a 25x
higher total DNA concentration than the ITPZE sample. The average signal enhancement
from ITP is 40-fold [636]. Reprinted with permission from Wiley-VCH Verlag.

In CEC, there is an additional factor in band broadening due to mass transfer,
H,,. The Van Deemter equation is given in Equation (6.10) [112]:

H= H'mj + Hdet + ngo + Hdiﬁ + Hm
(6.10)

0.13um 0.014um  0.53um

H,.., which is the greatest contribution among the first three factors, can be
reduced by decreasing the channel width (at the expense of detector path length),
decreasing the number of turns, and decreasing the turn angle ([see Equation
(6.5)]). The plate heights as contributed by Joule heating and mass transfer for
the thin stationary phase film were neglected. Other phenomena, such as electric
field effects or eddy flow, though conceivable, were claimed to be not observed
[112].

Upon curve fitting of experimental data to the Van Deemter equation (H = A
+ B/v + C,v), the fitted C,, values are two orders of magnitude higher than the
calculated C,, values (based on channel height and diffusion coefficient of the
analyte in aqueous solution). This discrepancy has been attributed to the trape-
zoidal geometry of the channel cross section, leading to more broadening near
the triangular cross section than the middle rectangular cross section [112]. In
this connection, dispersion (due to transverse diffusion) in microchannels was
studied with reference to the isotopically etched cross section [118].

CEC separation has been achieved on a reverse-phase chromatography bed,
which is a 200-um bed packed with ODS-coated silica beads (see Figure 5.4 in
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FIGURE 6.22 Section from the ITP preconcentration to the electrophoretic separation at
the bifurcation block on a PMMA chip. (a) stack of zones at the end of the enrichment;
(b,c): transition from the isotachophoretic migration to zone electrophoretic movement
[637]. Reprinted with permission from Wiley-VCH Verlag.

Chapter 5). Separation of a mixture of BODIPY and fluorescein was achieved in
less than 20 s (see Figure 6.23). Five bioactive peptides (papain inhibitors,
proctobin, opioid fragment 90-95, ileangiotensin III, and angiotensin IIT) were
also separated in this manner [639]. A similar method has been used to separate
two coumarin dyes or to separate Alexafluor-labeled angiotensin from the excess
dye [587,640]. CEC separation of four FITC-labeled synthetic peptides was
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FIGURE 6.23 Electrochromatogram of fluorescein (first) and BODIPY (second), showing
different steps of the separation: step 1, 100-s loading; step 2, 30-s buffer flush; step 3,
an isocratic elution from the 200-pum-long column with a 30% acetonitrile/70% 50-mM
ammonium acetate mobile phase [639]. Reprinted with permission from the American
Chemical Society.

achieved on a PDMS chip packed with beads [566,641]. Open-channel CEC (with
coupled solid-phase extraction) was also performed for PAHs [642].

Solvent programming with a stepwise or linear gradient was used to enhance
CEC separation of four PAHs (Figure 6.24). This was achieved using aqueous
acetonitrile of two concentrations delivered from two inlet reservoirs at different
mixing ratios, leading to the CH;CN concentrations in the range of 24-56% [148,
643].

To increase the surface area of the stationary phase for CEC separation, a
collocated monolithic support structure (COMOSS) was constructed in a Si chip.
A polystyrene—sulfonic acid stationary phase was then immobilized [349]. Design
of the COMOSS required that the combined cross sectional area at the column
head to be the same at any point in the inlet distributor [644]. A study for the
reduction of band broadening in COMOSS was also reported [645].

The COMOSS has also been fabricated on a PDMS chip for CEC separation
of FITC-labeled peptides (Figure 6.25). However, in the CEC separation of a
mixture of rhodamine and fluorescein, a broad rhodamine peak was obtained, but
fluorescein did not have this problem. This was possibly because the neutral
rhodamine had diffused into the PDMS substrate, as illustrated in the fluorescent
image in Figure 6.26 [360]. In another report, CEC separation of a peptide mixture
was performed on a PDMS chip after cerium(IV)-catalyzed polymerization of
the stationary phase within the channels [646].
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FIGURE 6.24 (a) Isocratic, (b) step gradient, and (c) linear gradient used in the CEC
separations of (1) anthracene, (2) pyrene, (3) 1,2-benzofluorene, and (4) benzo[a]pyrene.
The injection time was 20 s. The concentrations of analytes 1-4 were 2.8, 0.9, 5.8, and
5.0 M, respectively. The dashed lines show the gradient profiles as seen at the detector
[148]. Reprinted with permission from the American Chemical Society.

A UV-initiated acrylate-based negatively charged porous polymer monolith
was also used as a stationary phase for CEC separation of NDA-labeled peptides
(0.1-1 uM) in a glass chip. The monolith was cured in a short time (10-20 min)
within the microchannel without the use of a retaining frit. The monolith was EK
conditioned to remove residual monomeric materials prior to use. Thiourea (2.5
mM) was used as an unretained marker [647]. CEC separation of 10 (out of 13)
PAHs (10 mM) was performed on a fused silica chip containing UV-initiated
polymerization of a sulfonate group-containing monolith. LIF detection was
achieved with excitation at 257 nm, with possible fluorescent quenching problems
due to dissolved O, [1152].
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FIGURE 6.25 Scheme of a COMOSS column incorporated in a PDMS chip for CEC
separation. A reverse-phase coating (poly[styrenesulfonic acid]) was bonded to the
COMOSS column after silanization treatment of the PDMS surface. Since the usual solvent
(toluene) for silanization cannot be used in PDMS, the surfactant, SDS, was used to help
dissolve the silanes [360]. Reprinted with permission from Wiley-VCH Verlag.

CEC was also applied to separate oligonucleotides. Here, an ion-pair reagent
was used to enhance separation. Figure 6.27 shows the results of the separation
of a DNA ladder (100-1000 bp) using conductivity detection. No separation
occurred if the PMMA channel was not modified with a stationary phase [208].

6.2.6 SyNcHRONIZED CycLic CAPILLARY ELECTROPHORESIS
(SCCE)

In HPLC, column switching has been employed in order to increase the separation
column length, and hence the N value. However, because of instrumentation
limitations, this advantage has not been exploited in CE. With micromachining
on glass, a complex channel system can then be constructed on a chip, leading
to synchronized cyclic capillary electrophoresis (SCCE) [648,649]. With the use
of 4 HV power supplies and 11 HV relays, switching between four columns for
CE has been achieved (see Figure 6.28). A sample was loaded between electrode
0 and electrode 1 (Figure 6.28a). Then the separation started in phase 1 when a
voltage U was applied at electrode 8 with electrode 5 at ground (Figure 6.28b).
The three groups of components were numbered 1, 2, and 3, and the procedure
was synchronized to the migration speed of group 2. Separation continued in
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FIGURE 6.26 Fluorescence image of unmodified PDMS COMOSS column (10x) fol-
lowing incubation with rhodamine 110 for 2 days [360]. Reprinted with permission from

Wiley-VCH Verlag.
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FIGURE 6.27 CEC separation of a double-stranded DNA ladder (400 ng/mL) in a PMMA
device. The ladder consisted of 100, 200, 400, 800, 1200, and 2000 bp fragments. The
PMMA microchannel was modified by chemically attaching a C18 phase to its surface.
The mobile phase used for this separation was 25% acetonitrile and 75% aqueous phase
containing 50 mM TEAA (ion-pairing agent, pH 7.4). Detection was accomplished using
indirect, contact conductivity detection. The conductivity cell was operated at 5.0 kHz and
a pulse amplitude of +0.5 V. The field strength used for the separation was 100 V/cm
[208]. Reprinted with permission from the American Chemical Society.
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FIGURE 6.28 The principle of SCCE. Three groups of samples are given by the circled
numbers 1, 2, and 3. The voltage-switching procedure is synchronized to group 2. (a)
injection phase; (b) during phase 1; (c) at the end of phase 1; (d) phase 2; (e) phase 3; (f)
end of the cycle [648]. Reprinted with permission from Elsevier Science.

phase 1 until group 2 reached the detector (Figure 6.28c). Then when voltage U
was applied at electrode 2 with electrode 7 at ground, group 2 continued to move
in phase 2 (Figure 6.28d). Then voltage U was applied at electrode 5, with
electrode 9 at ground, and group 2 continued to move in phase 3 (Figure 6.28e).
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Then voltage U was applied at electrode 6, with electrode 3 at ground, and group
2 continued to move in phase 4, which was the end of cycle 1 (Figure 6.28f).
During cycle 2, phase 1 migration would bring the group 2 to the detector a
second time. The migration of several components, synchronized to the group of
components A and B for two cycles, is shown in Figure 6.29. An enhancement
of resolution (R,) from 1.7 to 3.0 has been achieved for the CZE separation
between two major peaks in a FITC sample [648]. Further development of SCCE
was demonstrated in the separations of amino acids [551,650] and oligonucle-
otides [650]. A similar approach has been used for separation of dsDNA on a Si
chip (coated with thermal SiO, for insulation) and only low voltage (only up to
10 V) was used [306,311].

A new layout in SCCE was reported. This permits the investigation of sample
behavior at corners and T-junctions. Improved resolutions are found for FITC-

B
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Rs =17

N = 80,000
Rs =3.0

Fluorescence signal

T
0 20 40 60 80 100s
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FIGURE 6.29 Electropherogram obtained using SCCE for a FITC sample and its degra-
dation products. The synchronization speed was adjusted to the first two eluting peaks A
and B. Time intervals with forward motion at the detector are indicated by the black bars.
After one cycle, the components A and B appear again (80,000 theoretical plates, resolution
3.0) [648]. Reprinted with permission from Elsevier Science.
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amino acid in water as well as FITC-compounds in human urine when more
cycles are run. However, fewer components remained at subsequent cycles. In
addition, signal intensity decreased but peak area also decreased, probably
because photobleaching occurred and materials were lost around the T-junction
[551].

Although SCCE has the advantage of increasing column length by cycling,
the method suffers from some drawbacks. These include (1) complicated deter-
mination of synchronization time, (2) inherent complexity in peak assignments
of complex mixtures, (3) excess analyte dispersion generated in the corners (turn
geometry), (4) loss of the analyte at the channel junction, which can be improved
by junction design, and (5) a continually decreasing migration window as the
separation progresses [276,339,551,648].

Another variation of SCCE is field-inversion electrophoresis. A sample (e.g.,
DNA) was passed back and forth within a short length of a microchannel. Using
an alternating potential (600 V of several Hz) applied over an 8-mm channel, this
method can provide a similar resolution to that of a significantly longer micro-
channel. The inverting field serves to disrupt DNA alignment (reptation) with the
electric field and hence recovers the size-dependent separation [651].

6.2.7 Free-FLow ELecTtrOPHORESIS (FFE)

Another separation method is FFE. The separation depends on the deflection
angle of a sample flow stream of flow speed of v due to an applied perpendicular
E field (Figure 6.30). The deflection angle is greater if v decreases, E increases,
or U (electrical mobility) increases. This gives rise to possible fraction collection
at the outlet array (70 um wide, 50 um deep, 5 mm long) [89].

Isolation of the separation bed from the two electrode-containing side beds
was achieved by two arrays of narrow grooves (12 um wide, 10 pm deep, and 1
mm long) (see Figure 6.31). While the side-bed flow should be high enough (>
15 uL/min) for effective removal of electrolytic gas bubbles, the flow should not
be too high (< 50 uL/min) to avoid increasing the separation-bed flow rate and
reducing the residence time. This is because the residence time should be max-
imized to increase sample deflection and to enhance separation resolution [89].
Greater resolution was obtained when a greater potential difference across the
separation bed was applied by increasing voltage and increasing side-bed buffer
conductivity. Separation of a neutral, monoanion, and dianion amino acid was
demonstrated (see Figure 6.32) [89]. FFE was also conducted on a Si chip (with
a 25-uL bed) for separation of various proteins (HSA, bradykinin, ribonuclease
A) or tryptic digests of mellitin and cytochrome ¢ [552].

In another report, FFE separation of two FITC-labeled amino acids was
carried out on a PDMS—glass chip consisting of micrometer-sized posts. Separa-
tion was achieved in 75 ms using a sample flow rate of 2 nL/s. The presence of
these posts resulted in a very small separation bed volume, which allowed for
the application of higher electric field, higher separation speed, and higher reso-
lution [653].
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FIGURE 6.30 Schematic diagram illustrating the FFE concept. A sample mixture flows
vertically down while a transverse electric field is applied. N, —1, and -2 denote the
positions at which a neutral, a monoanion, and a dianion, respectively, are expected to
exit the system [89]. Reprinted with permission from the American Chemical Society.

6.2.8 DErIVATIZATIONS FOR CE FOR SEPARATIONS

Derivatizations have been employed to enhance detection in CE separations.
Derivatization can be achieved either by post-column or pre-column means.

6.2.8.1 Pre-Column Derivatization

LIF detection (A, = 351.1 nm, A, = 440 nm) of two amino acids (0.58 mM
glycine, 0.48 mM arginine) was achieved by pre-column derivatization with 5.1
mM o-phthaldialdehyde (OPA) [106]. A reaction chamber was constructed
“before” the cross-injection (see Figure 6.33). The chamber is wider than the
separation channel to allow for a lower electric field and hence longer residence
time for the derivatization reaction [106]. This method may be more advantageous
than post-column derivatization [317], when the analysis time is faster than the
product reaction time (#,,, for OPA ~ 4 s [106]).
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FIGURE 6.31 Three-dimensional view of the inlet region of the silicon FFE device. To
avoid the dielectric breakdown of Si, it has been deposited with a composite layer of SiO,
and Si;N, [89]. Reprinted with permission from the American Chemical Society.
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FIGURE 6.32 FFE separation profile of rhodamine-6-isothiocyanate labeled lysine,
glutamine, and glutamic acid obtained 2.4 cm along the separation bed length. A voltage
of 50 V (current 7.5 mA) was applied. The sample (0.05 mM labeled amino acids based
on the concentration of rhodamine-6-isothiocyanate) was dissolved in the carrier buffer,
pH 7 phosphate buffer (0.04 M Na,HPO,/0.03 M KH,PO,; x = 9.5 x 10 Q' cm™).
The sample and carrier buffer flow rates were 0.2 and 5 pL/min, respectively. The side
bed buffer was pH 7 phosphate buffer containing 0.25 M Na,SO, (x = 35.5 x 1073
Q' cm™), with a constant flow rate of 50 pL/min. Residence time to the point of detection
was 73 s [89]. Reprinted with permission from the American Chemical Society.
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FIGURE 6.33 Schematic of the microchip with integrated pre-column reactor. The reac-
tion chamber is 2 mm long and 96 um wide (at half-depth). The separation column is
15.4 mm long and 31 pm wide. The channels are 6.2 um deep [106]. Reprinted with
permission from the American Chemical Society.

Pre-column OPA derivatization was also employed to analyze biogenic
amines prior to MEKC separation on a PDMS chip [654]. Pre-column OPA
derivatization and MEKC were also performed on a glass chip to analyze amino
acids. Usually, OPA was used for fluorescent detection. However, in this report,
amperometric detection was used as the OPA derivatives were also electroactive.
Voltage (needed for separation) programming was used to decrease the migration
time of late migrating species [655].

Dynamic labeling of a fluorescent dye was employed for the detection of
proteins as separated by SDS-PAGE in a glass chip. This labeling method
relied on the fact that both the run buffer and sample buffer contained the
fluorescent dye, Nano Orange. A LOD of 500 ng/mL for BSA was achieved.
This is feasible only in the microchip format, but not in the capillary format,
thanks to the orthogonal injection mode commonly used in microchips. This
mode is biased toward the injection of the slow-migrating protein—SDS com-
plexes, but avoids the injection of fast migrating species (i.e., free SDS and
its micelles) [656].
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6.2.8.2 Post-Column Derivatization

Post-column derivatization was employed to detect the separated proteins [657]
or amino acids [317,658]. For instance, 2-toluidinonaphthalene-6-sulfonate
(TNS) was used to derivatize serum proteins in the post-column format (see
Figure 6.34) [657]. With the use of fused silica with substantially lower fluores-
cence background (A, = 325 nm), a two-fold improvement in S/N for phenyla-
lanine detection was achieved [658].

In another report, after the separation of arginine (2 mM) and glycine (2 mM)
in a buffer (20 mM sodium borate, pH 9.2, 2% v/v methanol, 0.5% v/v B-
mercaptoethanol), the amino acids were detected after post-column derivatization.
The separated components were mixed to react with a derivatizing agent consist-
ing of 3.7 mM OPA. Turbulence or band broadening was found in the channel
after mixing unless the electric field strength (E) was above a threshold value
(840 V/cm). The plate height was found to decrease monotonically with increasing
E. Since OPA had a typical half-time of reaction with amino acids of 4 s, the
residence time should be long enough, and this was achieved by adjusting E for
maximal product formation. It was found that sufficient product detection
occurred with E at 1700 V/cm [317].

Post-separation labeling was also achieved for separation of four human
serum proteins (IgG, transferrin, oul-antitrypsin, and albumin) using 0.2 mM of
TNS. This is a virtually non-fluorescent reagent which, upon non-covalent asso-
ciation with proteins, produces a fluorescent complex (A, = 325 nm, A, = 450

Buffer Injection

(borate) waste Buffer waste .
Reaction
channel

g Separation channel
.

Sample Label channel (TNS)

(serum proteins)

60 mm

FIGURE 6.34 Schematic diagram of the post-separation labeling design of the chip. Thick
lines were 256 um wide, thin lines were 66 wum wide. Channels were 14 pm deep [657].
Reprinted with permission from Elsevier Science.
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nm) for detection. TNS was selected among the commonly used labels: OPA (for
amine-containing protein) or ANS (for protein). This post-separation labeling
avoids the problems of multiple-site labeling, which is manifested as multiple
peaks after separation [657]. Post-column non-covalent labeling of protein was
also achieved using Nano Orange as the labeling reagent [659].

6.3 CHROMATOGRAPHIC SEPARATIONS

Hydrodynamic chromatography of fluorescent nanospheres (polystyrene) and
macromolecules (dextran) has been achieved on a Si—Pyrex chip. Separation is
based on faster movement of larger particles or molecules because they follow
the faster fluid density near the center of a channel relative to the channel wall
[336,572].

Open tubular LC using an ODS-coated channel was attempted on a Pyrex
chip [660]. LC was also performed on a Si—Pyrex chip coated with C8 stationary
phase for analysis of caffeine using UV detection, and of phenol using ampero-
metric detection [661].

Separation of two proteins (BSA, IgG) by anion-exchange chromatography
was demonstrated on a PDMS chip packed with beads [662].

Affinity chromatography of streptavidin was performed on a PET chip.
The microchannel was first filled with the dual-modified latex beads (as shown
in Figure 6.3). The biotinylated beads were surface-modified with a tempera-
ture-sensitive polymer, poly(N-isopropylacrylamide (PNIPAAm, 11 kDa).
When the temperature was raised above the lower critical solution temperature
(LCST) of PNIPAAm, the beads aggregated and adhered to the channel wall,
because of a hydrophilic-to-hydrophobic phase transition. Then streptavidin
from a sample solution was captured by these adhered biotinylated beads.
Thereafter, when the temperature was reduced below the LCST, the beads
dissociated and eluted from the channel wall together with the captured strepta-
vidin [203].

Shear-driven LC was demonstrated in microchannels, which were formed by
printing toner on a transparency film. This channel plate was covered, but not
sealed by a glass plate. The shear-driven flow principle is based on the use of
channels that are divided into two non-sealed and independently moving plates.
By axially sliding one plate past the other, the viscous drag effect establishes a
net flow. The flow velocity is equal to one half of the plate moving velocity, and
is independent of the length and depth of the channel and of the physiochemical
properties of the fluid. By coating the glass plate with a monolayer of polyethox-
ysilane, the stationary phase of the shear-driven LC is formed. Separation of two
coumarin dyes (1 mM) was achieved. Although the stationary phase (on the glass
plate) was quite robust (i.e., good for about 60 runs), the carbon toner channel
materials on the transparency were not, and should be replaced after ~ 10 runs
[239].
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FIGURE 6.35 Schematic of the experimental protocol for streptavidin affinity chroma-
tography. (1) The channel is initially filled at room temperature with a suspension of
biotinylated, PNIPAAm-coated beads (100 nm). (2) The temperature in the channel is then
raised to 37°C, and the beads aggregate and adhere to the channel walls. (3) Buffer is then
pumped through the channel (the presence of flow is indicated in this schematic by an
arrow), washing out any unbound beads. (4) A fluorescently labeled streptavidin sample
(2.5 uM) is then introduced into the flow stream. (5) Streptavidin binds to the beads, and
any unbound streptavidin is washed out of the channel. (6) Finally, the temperature is
reduced to room temperature, leading to the breakup of the bead aggregates. Beads, bound
to labeled streptavidin, elute from the channel [203]. Reprinted with permission from the
American Chemical Society.

6.4 COUPLED SEPARATIONS
6.4.1 FrAcTION COLLECTION

Accurate flow switching has been employed for fraction collection of single or
a group of oligonucleotides on a glass chip (see Figure 6.36) [663]. After CGE
separation of a mixture of fluorescently labeled oligonucleotides, p(dT),, ,s, pre-
selected components were withdrawn by applying a brief 5-s fraction collection
pulse. Since the EOF has been suppressed, the oligonucleotide migrated from the
negative voltage to the GND (i.e., positive). In a typical procedure, a CGE run
occurs for 140 s (phase 1), fraction selection for 5 s (phase 2), removal of other
components for 40 s (phase 3), and fraction collection for 65 s (phase 4), and all
these steps lead to a total operation time of 250 s. Such a microchip fraction
collection system alleviates the problem of dead volume in a conventional system.
However, a dilution factor of 3 is still involved based on the calculation of peak
band broadening [663].

Fraction collection of fragments from a 100-bp DNA ladder was also achieved
in a PDMS chip [664] or a glass chip. In the latter example, a small reversed
field was maintained in the separation column to halt or slow down later migrating
DNA in order to assist collection of a DNA fraction [665]. In one report, a single
peak from the IEF separation channel has been isolated and transferred to a
subsequent channel by means of microfluidic valve control [449].
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FIGURE 6.36 Various phases implemented for microchip fraction collection at reservoir
6. During the whole sequence, reservoir 2 is kept at a negative high voltage. Phase 1:
Application of a ground voltage at reservoir 5 initiates the separation of the injected sample
plug toward reservoir 5. Phase 2: When the sample zones of interest (filled circles) arrive
at the intersection, reservoir 6 is grounded for a few seconds and reservoir 5 left floating.
Phase 3: The remaining zones are removed from the system by switching back to the
phase 1 conditions. Phase 4: The extraction fractions are moved past the detector by
grounding reservoir 6 again while leaving reservoir 5 flowing [663]. Reprinted with
permission from the American Chemical Society.

Fraction collection has been achieved using a PC nuclear track etched (PCTE)
membrane (with 200-nm nanocapillary pores) sandwiched between two PDMS
plates (see Figure 6.37). At the intersection of the separation channel (upper) and
collection channel (lower), the membrane is located to separate the two channels.
First, separation occurred along channel B-W. When the desired component reached
the intersection, C1 and C2 were biased (with W floating) to divert the component
through the membrane to the collection channel. Figure 6.37a shows the separation
of three FITC-labeled amino acids. Figure 6.37b shows the remaining two amino
acids after the collection of component 1. Figure 6.37c and d show the other
situations in which components 2 and 3 are collected, respectively. The use of the
PCTE membrane has been previously described in Chapter 5, section 5.3 [592].
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FIGURE 6.37 Separation and selective collection of arginine and glutamate derivatized
with FITC. Schematic on the top shows the sampling geometry, i.e., a electrophoresis
microchip (S-SW, B-BW) coupled with a molecular gate collection channel (C1-C2). LIF
signals were monitored before and after the membrane gate, as indicated with the arrows,
with the data shown here recorded from the post-gate detector. The electropherogram
shown in (a) was obtained for a separation where no collection was performed. For selective
collection experiments (b—d), the gate collection state was activated for a period matching
the analyte bandwidth as judged from (a). The electropherograms demonstrate the sepa-
ration and selective collection of three bands: (1) glutamate; (2) first arginine band; and
(3) a second arginine band. The difference in elution times between the nongated and
gated experiments is from the actuation of the low-voltage gate located prior to the
detection area affecting the elution time. The electrical field strength used for separation
was 170 V/cm [592]. Reprinted with permission from the American Chemical Society.
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FIGURE 6.38 (a) Schematic operation showing DNA bands migrating through the inter-
section formed by the separation and side channels. (b) Schematic operation showing the
target DNA captured by the electrode in the side channel [96]. Reprinted with permission
from Elsevier Science.

In another report, fractionation of DNA samples was achieved on a Si—Pyrex
device using on-chip electrodes (see Figure 6.38). The DNA fragments migrate
and separate in the main gel-filled separation channel. As the individual band of
interest migrates into the intersection formed by the separation channel and side
channel, an electric field perpendicular to the direction of the separation field is
applied, and the target band can then be attracted to the capture electrode in the
side channel out of the gel [96].

Fluorescent images showing this sequence of events are shown in Figure 6.39,
where the capture electrode is located in the lower part of the side channel.
Multiple fractions can be captured using a series of capture electrodes in the side
channel [96].

6.4.2 Two-DIMENSIONAL SEPARATIONS

Two-dimensional liquid phase separation was conducted on-chip. A MEKC/CE
was first reported. Here, the first dimensional MEKC separation was followed by
a second-dimensional CE separation to separate the tryptic digests of cytochrome
¢, B-lactalbumin, and ribonuclease A. However, the CE and MECC separations
are not completely orthogonal (or uncorrelated), limiting the resolving power of
this method [666].

Thereafter, a 2D open-channel electrochromatography/capillary electrophore-
sis (OCEC/CE) was achieved on a glass chip consisting of a spiral column (see
Figure 4.16). The separation of a tryptic digest of B-casein was achieved using
a mobile phase of 10 mM sodium borate (for CE) and of 30% v/v acetonitrile
(for OCEC) [333]. A 2D contour plot was generated by plotting each electro-
pherogram at the corresponding time on the OCEC axis (see Figure 6.40) [333].
Here, 17 peaks from OCEC generated 26 spots in the 2D plot [333]. The chip
layout and the OCEC/CE operation have been described in Chapter 4, section
4.1.2.

A 2D channel array has been fabricated on a quartz chip intended for 2D CE
application, as shown in Figure 6.41. The first dimension consists of a single
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FIGURE 6.39 Sequences for the extraction of the second migrating DNA fragment (200
bp) during separation of a 100-bp ladder in cross-linked polyacrylamide (8% T, E = 30
V/cm). Capture electric field is 31 V/cm. Pictures are shown at (I) 0, (II) 100, (IIT) 200,
and (IV) 400 s after extraction begins [96]. Reprinted with permission from Elsevier
Science.

channel of 80 um wide, whereas the second dimension consisted of 500 channels
of 900 nm wide. In both dimensions, the channel depth was 3—7 wm [150].

In one report, two PDMS chips were physically connected together to achieve
2D separation of fluorescently labeled proteins (BSA, CA, ovalbumin). The first-
dimensional IEF separation was carried out along a horizontal channel in one
chip (Figure 6.42). After IEF, the chip was aligned to a second chip consisting
of several vertical channels (Figure 6.43), in order to carry out SDS-PAGE
separation in the second dimension. Fluorescein-conjugated BSA was seen to be
separated from Texas Red-conjugated ovalbumin [182].

An IEF/CGE separation for proteins has been achieved on a PDMS chip.
Microfluidic valves were used to prevent intermixing between the two separation
buffers used in IEF and CGE separations. The IEF ampholyte was very sensitive
to high buffer concentration, but a small amount of ampholyte in the CGE did
not affect its separation resolution [449].

Another MEKC/CE separation was applied to an analyze tryptic digest of
BSA, ovalbumin, and hemoglobulin (human and bovine). In this work, asymmet-
ric turns were incorporated in the serpentine channel [565]. Faster switching
power supplies were used, leading to a three-fold increase in the sampling rate
into the second dimension. This caused less SDS (from the first-dimension
MEKC) sampled into the second-dimension channels, resulting in higher sepa-
ration resolution [565]. Although complete tryptic digestion of ovalbumin should
produce 33 unique fragments, the 2D MECC/CE results shown in Figure 6.44
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FIGURE 6.40 2D separation of TRITC-labeled tryptic peptides of 3-casein. The projec-
tions of the 2D separation into the first dimension (OCEC) and second dimension (CE)
are shown to the left and below the 2D contour plot, respectively. The field strengths were
220 V/cm in the OCEC channel and 1890 V/cm in the CE channel. The buffer was 10
mM sodium borate with 30% (v/v) acetonitrile. The detection point was given as y in
Figure 4.16 (Chapter 4) and was 0.8 cm past valve V2 in the CE channel [333]. Reprinted
with permission from the American Chemical Society.

produced over 50 spots. This may be due to multiple-labeled peptides by 5-
TAMRA (5-carboxytetramethylrhodamine, succinimidyl ester) or incomplete
tryptic digestion. Spiking of a known ovalbumin tryptic fragment revealed an
increase in the spot intensity as shown by the arrow position in Figure 6.44b as
compared to Figure 6.44a [565].

An IEF/CGE separation was carried out for protein analysis. The PMMA
chip consisted of one IEF channel and 300 CGE channels. The interface is shown
in Figure 6.45. Transfer of proteins after IEF was accomplished via the 50-um
opening into the 300 CGE channels [214].

Another IEF/CGE separation was carried out on a PC chip for protein anal-
ysis. First dimension in one horizontal channel was used to perform denaturing
IEF and second dimension in an array of 10 channels was used for SDS—gel
electrophoresis, as shown in Figure 6.46. Instead of sequentially sampling pro-
teins eluted from IEF, they are electrokinetically transferred in a parallel fashion
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FIGURE 6.41 Layout of the quartz chip for 2D separation. Inj. is the injection channel,
Sep. 1 the first-dimension separation channel, Sep. 2 the second-dimension separation
array of 500 parallel channels, Out 1 and Out 2 the waste collection channels. The channels
cover an area of 16 X 16 mm, the overall chip size is 23 x 23 mm [150]. Reprinted with
permission from the Institute of Physics Publishing.
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FIGURE 6.42 A sketch of the first-dimensional IEF channel. The slanted lines crossing
the long IEF channel represent the vertical short channels used to connect to the array of
channels used for separation in the second dimension. Below the diagram are the fluores-
cence images of a section of the IEF channel containing the focused proteins (CAF, BSAF,
Ovalbumin™). The image on top was obtained using a filter that isolated fluorescein (F)
fluorescence, and the image below was obtained using a filter that isolated Texas Red (TR)
fluorescence. Both images were obtained over the same region of channels [182]. Reprinted
with permission from the American Chemical Society.

into an array of orthogonal microchannels for CGE. The high resolution in this
2D separation was mostly contributed by IEF under denaturing conditions. More-
over, since the protein analytes were denatured, they were well prepared for rapid
and effective formation of SDS—protein complexes, in the second dimension. The
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FIGURE 6.43 (Color figure follows page 236). A sketch of the second-dimensional
electrophoresis channels aligned on the first-dimensional channel previously shown in
Figure 6.42. The long red line represents the IEF channel, the parallel green lines
represent the channels in the top PDMS slab, and the parallel blue lines represent the
channels in the bottom PDMS slab. Below the sketch are the fluorescence images of a
section of the electrophoresis channels containing the separated proteins (BSAF, Oval-
bumin™) that overlapped in the IEF separation. The image on the left was obtained
using a filter that isolated fluorescence from fluorescein (F), and the image on the right
was obtained using a filter that isolated fluorescence from Texas Red (TR). Both images
were obtained for the same region of the capillary array where the overlapping peaks
of BSAF and Ovalbumin™ migrated. The weaker fluorescence signal in the lower portion
of the fluorescein image may be due to impurities in the BSAF sample [182]. Reprinted
with permission from the American Chemical Society.
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FIGURE 6.44 Two-dimensional separations of (a) an ovalbumin tryptic digest and (b) an
ovalbumin tryptic digest spiked with a peptide of the sequence: GGLEPINFQTAADQAR.
The arrow indicates the identified peptide [565]. Reprinted with permission from the
American Chemical Society.

proteins were separated in three groups in the first dimension, as shown in Figure
6.46a. The IEF order is actin (BSA, ovalbumin, and trypsin inhibitor) and paral-
bumin, according to the p/ values of 5.20 (4.60, 4.50, 4.55) and 4.10, respectively.
These three groups of proteins were then transferred into the CGE channels, as
shown in Figure 6.46b. Owing to the use of EK transfer and EOF suppression in
the channel, there was negligible transfer of undesirable species (i.e., urea and
focused ampholytes) to the second dimension. Subsequent CGE separation of
BSA, ovalbumin, and trypsin inhibitor was achieved according to their MW [667].

An IEF/CGE separation of proteins (GFP, FITC-labeled ovalbumin) was
carried out on an acrylic chip. EK mobilization at ~ 20 um/s allows repeated
injections of the focused bands into the cross-channels for CE separations. Even
though the ampholyte entered into the CE channel, normal CE occurred at a
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FIGURE 6.45 A PMMA chip for 2D electrophoresis. The credit-card-sized chip (85 mm
X 55 mm X 2 mm) contains a cavity for the first-dimensional IEF channel and two buffer
reservoirs for electrodes, respectively. These buffer reservoirs are physically connected by
300 parallel second-dimensional channels (50 pm X 50 um cross section, 64 mm long)
for SDS-CGE. The cavity for IEF and the CGE channels are connected to each other by
an opening of 50 pm width [214]. Reprinted with permission from The Royal Society of

Chemistry.
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FIGURE 6.46 Fluorescent images of on-chip 2D separation of five model proteins using
multiple separation media. The five FITC-conjugated proteins (10 ng/mL) are denatured
as well as alkylated in order to maintain their denatured state. (a) Non-native IEF with
focusing order (from left to right) of (i) actin, (ii) bovine serum albumin, ovalbumin, and
trypsin inhibitor, and (iii) parvalbumin; (b) electrokinetic transfer of focused proteins; (C)
SDS gel electrophoresis (using PEO gel). Images were captured at 90 s following the
initiation of IEF or SDS gel electrophoresis separations. Images were obtained using either
green fluorescence of protein-fluorescein conjugates in IEF or red fluorescence of Sypro
Red-labeled proteins during electrokinetic transfer and size-based separation [667].
Reprinted with permission from the American Chemical Society.
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single pH of 8.5 and IEF did not occur. It was because there were no acidic and
basic boundary conditions at the terminal reservoirs for IEF to proceed [668].
In another report, 2D separation was applied to resolve DNA duplexes. Three
types of DNA duplexes (136-bp homoduplex, 339-bp heteroduplex, and 450-bp
heteroduplex) were involved in a SNP study. First-dimension CGE separated the
three types of DNA molecules. Subsequent temperature gradient gel electrophore-
sis (TGGE), which was an analogous counterpart to denaturing gradient gel
electrophoresis, was used to resolve the duplexes to reveal SNP [669].
Separation of proteins extracted from Jurkat cell lysates was achieved on a
microchannel on a PMMA chip. Pressurization has been used prior to CE to
improve resolution, as described in section 6.2.2. An additional merit is that
transient size separation occurred during pressurization. During subsequent CE
separation, IEF occurred in the microchannel. This combination of transient size
separation and IEF improved resolution, which is akin to 2D separation [619].



7 Detection Methods

7.1 OPTICAL DETECTION METHODS
7.1.1 FLUORESCENCE DETECTION
7.1.1.1 Single-Channel Fluorescence Detection

The most commonly used detection system for microchip applications has been
laser-induced fluorescence (LIF) (see Figure 7.1) [159,316,550,670]. In LIF, the
excitation light is provided by a laser in order to increase the measured fluores-
cence emission. To reduce the amount of excitation light entering the photode-
tector, band-pass emission filters are usually used. In some reports, even two 530-
nm band-pass filters have been employed [152,557].

For multiple wavelength detection, several emission filters of different wave-
length band pass are used. A four-color LIF detection system that detected at
four wavelengths is shown in Figure 7.2. It consisted of three dichroic filters and
four PMT to detect at four wavelengths [543].

Optical fibers have been employed as waveguides to confine the excitation
beam and fluorescence emission beam. With an excitation optical fiber, the exci-
tation laser beam has been guided along the channel, leading to the so-called
longitudinal excitation. As compared to the conventional transverse excitation, in
which the excitation beam is perpendicular to the channel, longitudinal excitation
has resulted in a 20-fold improvement in S/N. This is because the longitudinal
excitation beam is narrower than the channel, and so there is less background
caused by the light scattered from the channel wall. The use of the optical fibers
for longitudinal excitation and emission collection has led to an improved detec-
tion limit of fluorescein of 3 nM (or 20,000 molecules) [671].

In another report, in order to reduce channel wall light scattering, the laser
beam size was reduced. This was achieved by reshaping the Gaussian beam shape
into a flat-top beam shape by using a Keplerian beam reshaper. In this way, a
collimated laser beam was reduced to a size of 33 um, facilitating its use inside
a 50-um-wide channel in a glass microchip for LIF detection [672].

In one report, the sample stream was physically focused so that it was within
the illumination region of the laser probe beam. In this way, fluorescence detection
of DNA was enhanced [329]. In another report, the effective observation volume
was reduced by confinement within nanochannels in a fused silica chip. In this
way, fluorescent detection of even single molecules was achieved [673].

Optical fibers (excitation and emission) have also been integrated on a PMMA
chip for fluorescent detection. An intercalating near-IR dye (TOPRO-5) with an
excitation wavelength of 755 nm was used to label DNA fragments. Sub-attomol
detection limit of the labeled DNA fragments was achieved [674].

187
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FIGURE 7.1 Schematic of the laser-induced fluorescence detection system. Excitation
was provided by an argon ion laser light. It was focused with a lens (1) onto the separation
channel in a microchip. The chip was held in place with a Plexiglas holder (2). Fluorescence
emission (3) was collected with a microscope objective (4), focused onto a spatial filter
(5), emission filter (6), and then detected with a photomultiplier tube [550]. Reprinted
with permission from the American Chemical Society.

Although fluorescence detection does not depend on the optical path length
as much as absorbance detection does, an increase in the path length does provide
an increased fluorescent intensity. For instance, the measured fluorescence inten-
sity is increased when a greater channel depth is used. This is achieved with a
channel geometry in which the depth (20 um) is twice as large as the width (10
um). This aspect ratio can be made possible only by using anisotropic Si etch to
create a molding master for producing the PDMS replica [159].

Two-photon fluorescent (TPF) detection, which was initiated by a non-linear
optical absorption process, has been performed on a quartz chip. Since the
fluorescent efficiency in TPF is inversely proportional to the excitation beam area,
the path length dependence problem in fluorescence is significantly reduced. This
method is used for analysis of B-naphthylamine (excitation at 580 nm), which is
the enzymatic product of leucine aminopeptidase (LAP) acting on the fluorogenic
substrate: leucine B-naphthylamide [675].
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FIGURE 7.2 Four-color optical excitation and detection system for LIF. Excitation was
provided by a laser emitting at 488 nm and 514 nm. (a) Dichroic mirrors; (b) emission
band-pass filters. Detection was carried out at 4 wavelengths (525, 555, 580 and 605 nm)
[543]. Reprinted with permission from Wiley-VCH Verlag.

Time-resolved fluorescence was used to detect rhodamine 6G (R6G), sulfor-
hodamine 101 (SR101), and rhodamine B (RB). A Ti-sapphire laser (800 nm, 50
fs) was used, but the excitation wavelength has been converted to 400 nm (for
R6G) or 532 nm (for SR101 or RB) by an optical parametric amplifier or by
second harmonic generation [676]. In another report, fluorescence burst detection
was used for detection of single chromophore molecules [677].

Laser excitation has also been provided by laser diodes. For instance, a red
diode laser (635 nm) has been used as the light source for LIF detection [619,678].
Detection of the Cy 5 dye in a 13-um-deep channel in a Pyrex glass chip has
produced a LOD of 20 uM, as optimized using different filter sets. However,
with a 20-um-deep channel, the LOD of Cy 5 can be further improved to 9 pM
[678]. A laser diode (GaAlAs, 780 nm) was also used for near-IR excitation [679].
A near-IR dye, IRD800, was used to label DNA primers for their LIF detection
after separation on a PMMA chip [380].

Fluorescent excitation can be achieved by non-laser sources, such as xenon
arc lamp or LED. A xenon arc lamp with an inverted microscope was used to
measure cellular fluorescence. Fluorescent detection (green emission at 520 nm)
was performed together with optical observation (using red light and a long-pass
filter to avoid interfering with the fluorescent detection) for long-term monitoring
of single-cell measurement. In this case, it is ensured that the cellular fluorescence,
but not the artifacts, was measured [680].

The LED has also been used as the excitation source for fluorescent detection.
For instance, two LEDs (red and blue) were used to detect FITC-labeled amino
acids on a PMMA chip. The blue LED was used for excitation and the red LED
for background noise compensation, leading to a four-fold S/N enhancement
[681]. Moreover, blue LEDs (470 nm) were used to detect various dyes, such as
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APTS (for sugar isomers) [560], RNA molecular beacon probes [337], and
YOPRO-1 (for dsDNA) [613]. In one report, a ring of 24 blue LEDs (470 nm)
has been used for flood illumination [321].

7.1.1.2 Scanning Detector

For fluorescent detection in multiple channels on microchips, scanning detectors
and CCD cameras have been used. For instance, scanning LIF detection was first
performed using a galvanoscanner which sequentially probed 16 channels [265]
and 48 channels [557].

Later, a four-color rotary confocal fluorescent scanner was designed to simul-
taneously detect 96 channels [977] and 384 channels [980]. The confocal scanner
used to detect 384 channels on a microcapillary array electrophoresis (WCAE)
chip is shown in Figure 7.3 [980].
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UWCAE chip
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FIGURE 7.3 The rotary confocal fluorescence scanner used to detect LCAE chip sepa-
rations. Laser excitation at 488 nm (100 mW) is directed up through the hollow shaft of
a computer-controlled stepper motor, deflected 1.0 cm off-axis by a rhomb prism, and
focused on the electrophoresis lanes by a microscope objective. The stepper motor rotates
the rhomb/objective assembly just under the lower surface of the microchip at five revo-
lutions/s. Fluorescence is collected along the same path and spectrally, and is spatially
filtered before impinging on the four-color confocal detector [980]. Reprinted with per-
mission from the American Chemical Society.



Detection Methods 191

Scanning LIF detection was also achieved using the acoustic-optical effect.
This method was used to sequentially detect eight channels [682,683]. The acous-
tic-optical detection (AOD) is based on the phenomenon that a transparent crystal
(TeO,), through which an acoustic wave propagates, alters the direction of the
laser light passing through it (see Figure 7.4). The degree of refraction is adjusted
by changing the frequency of an acoustic wave, using a piezoelectric transducer
[683,684]. As shown in Figure 7.5, successive detection on eight channels was
achieved. This method offered a much faster scan rate (200 Hz), than a translating
stage-based scanner (3.3 Hz scan rate). Three scanning modes, raster (uni- or bi-
directional), step, and random addressing, are available. The last one is harder to
achieve with a translating stage- or galvanometric-based scanner [682]. One
obstacle with AOD scanning is laser attenuation as the laser is deflected. Partial
correction can be achieved mathematically, i.e., by the use of a cosh function
[684].

CCD cameras have also been used for multichannel fluorescent detection.
However, the use of the CCD detector suffers from the need to read out the entire
image content information in order to determine the pixel intensity at the flow
channel location. Accordingly, a CMOS imager was used. This method offers
direct control over individual pixels, and can provide much faster response times
and longer integration times for those desired pixels [252].

On the other hand, the scanning confocal fluorescent detector has better
sensitivity than the CCD detector because the confocal detector provides better
spatial filtering of the fluorescent background of the substrate (e.g., glass) [108].

7.1.1.3 Background Reduction

Reduction of background fluorescence can be achieved by using the fused silica
substrate. In this way, the detection limit can be improved [106]. Further reduction
in the background could be achieved by optimizing the chip bonding procedure
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Acoustic wave Zero order beam

Piezoelectric transducer

FIGURE 7.4 The acousto-optical detection system. Deflection of the incident laser beam
by the acousto-optic crystal. Deflection angle is determined by the frequency of the acoustic
wave [683]. Reprinted with permission from John Wiley & Sons.
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FIGURE 7.5 Acousto-optical-based laser-beam scanning of six channels filled with 6-
carboxyfluorescein (105 M). Frames of the laser-beam step scanning across the micro-
channels, captured from the video record [682]. Reprinted with permission from the
American Chemical Society.

to reduce light scattering centers, by avoiding the curved channel wall in excita-
tion, and by adjusting incidence angle. With these improvements, a LOD of 30
pM fluorescein was achieved [330].

Another way to reduce the fluorescence background, especially from plastic
chips, is to modulate the velocity of a fluorescent analyte. The analyte velocity
is modulated by periodic variation (in 7-20 Hz) of the separation voltage. Noise
rejection is achieved using a lock-in amplifier because only the fluorescent signal
but not the background from the chip substrate was modulated. With this method,
a decrease in LOD by one order of magnitude has been obtained [685].

7.1.1.4 Photobleaching Effect

Photobleaching of fluorophores in fluorescent detection can affect quantitative
measurement. The extent of photobleaching can be estimated by the photochem-
ical lifetime (7). This parameter can be determined by measuring the fluorescence
signal (F) of the fluorophore as a function of residence time (#). The parameter
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is obtained from the slope of a plot of In F vs. t. Using this method, the
photochemical lifetime has been determined to be 51 ms for OPA-arginine and
58 ms for OPA-glycine [106].

The photobleaching effect can be decreased in LIF detection. This can be
achieved by adding various reducing agents, such as 2-mercaptoethanol [95,323,
351, 686], ascorbic acid [1038], or DTT [687]. Photobleaching of an analyte can
also be reduced by decreasing its residence time. This can be achieved by increas-
ing the analyte velocity using a narrower detection region, as compared to the
main channel (see Figure 7.6) [285].

7.1.1.5 Integrated Fluorescent Detector

An array of circular or elliptical microlenses made of photoresist was constructed
on a chip, as shown in Figure 7.7. The microlenses were fabricated on both the
bottom glass plate (for focusing the excitation beam), and on the top glass plate
(for collecting the emission). In addition, an array of entrance apertures was
formed around the focusing microlenses to limit the excitation beam; another
array of exit apertures was formed around the collecting microlenses to block off
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FIGURE 7.6 Reduction of photobleaching using a narrow 70-pum neck at the detection
point. This is situated along a straight capillary of 8-cm separation length with a 500-um
offset twin T injector [285]. Reprinted with permission from the American Chemical
Society.
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FIGURE 7.7 Cross-sectional view of a microchemical chip integrated with some optical
components. (a) The microchemical chip showing the microlens (entrance and exit), the
3000-A Cr aperture layers (entrance and exit), and microchannel (25 pum deep); (b) the
microchemical chip together with the pinhole (800 pm) and interference filter for detection
by the photodetector [688]. Reprinted with permission from the American Chemical
Society.

any unabsorbed excitation beam from being scattered into the detector. With the
reduction in excitation and scattering, the detection limit of Cy5 was found to be
reduced to 3.3 nM [688].

Integration of a lens was also achieved by molding a cylindrical lens together
with a PDMS channel. Both the lens and the channel serve as an optical waveguide
for fluorescent detection of FITC-labeled albumin (LOD = 0.3 g/L) [689].

Integration of optical filters on the microchip was also reported. This can be
achieved by depositing a predetermined thickness of alternate SiO, and Si;N,
multilayers [252]. An interference filter (515 nm) was also fabricated on Si by
depositing 40 alternating layers of SiO, and TiO, thin films, giving a total
thickness of ~ 6 um [693]. In another report, an optical interference filter was
produced by the deposition of the ZnS/YF; multilayer [690].

Integrated fluorescent detection was also achieved by fabricating the inter-
ference filter and Si photodiode on a Si substrate on which a parylene channel
was built [691].

In one report, the detection optical fiber (coupled to a blue LED light source)
and the microavalanche photodiode were both embedded in a PDMS chip to
detect proteins [692].

Integrated fluorescence detection was also achieved using hydrogenated
amorphous silicon PIN photodiodes fabricated on a glass chip [690]. In another
report, the integrated Si photodiode was used for fluorescent detection of DNA,
with a LOD of 0.9 ng/uL [693].

A planar optical waveguide was integrated within a PDMS chip for fluorescent
detection. The waveguide consists of a 150-nm-thick silicon nitride layer depos-
ited on a 2.1-um-thick SiO, buffer layer on a Si substrate. The rabbit IgG was
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immobilized on the waveguide layer. The evanescent field-based fluorescence
detection has been used to detect Cy5-labeled anti-rabbit IgG which binds to the
immobilized rabbit IgG [694]. This evanescent field-based format allows excita-
tion of fluorescent molecules present within ~ 200 nm of the waveguide surface
[694,695].

A four-layer microchip has been constructed to generate total internal reflec-
tion (TIR) and an evanescent field (see Figure 7.8). Surface-adhered Nile red-
labeled fluorescent microspheres (1 wm) are excited by the evanescent field for
fluorescent measurement. An essential feature on the chip was the micromirror
that was constructed by depositing Au/Cr on the slanted wall (54.7° due to
anisotropic etch of Si). Operation near the critical angle 6, assures strong eva-
nescent intensity [695].

7.1.2 INDIRECT FLUORESCENT DETECTION

Besides the commonly used direct LIF detection, indirect LIF detection on the
microchip has also been reported. This method has been employed to detect
explosives in spiked soil samples (see Figure 7.9) [620]. In contrast to a capillary-
based system, an increase in E from 185-370 V/cm for MEKC separation did
not result in an unstable background fluorescence due to excessive Joule heating.
This was probably because of the effective heat dissipation in the glass chip.
However, upon multiple injection, it was found that the detection sensitivity
decreased, which might be caused by the degradation of the visualizing dye (Cy7)
[620]. Indirect LIF also allows the detection of unlabeled amino acids [683].
For other applications using indirect fluorescent detection, see the Appendix.
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FIGURE 7.8 Schematic cross section of the four-layer TIR chip. The laser beam enters
at the bottom of the chip and is redirected upon hitting the micromirror sidewall. Then
the beam passes through the thin glass substrate and enters the microchannel. The critical
angle (0,), which depends on the excitation wavelength, can be fine tuned by filling the
glass cavity (n, of glass = 1.526) with a polymer of a different refractive index n,. Using
the UV-curable polymer (n, = 1.524), 6, is determined to be 64.8°. So the reflectance light
loss was reduced from 35% to 5%, thus increasing the evanescent field intensity [695].
Reprinted with permission from the Royal Society of Chemistry.
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FIGURE 7.9 MEKC separation with indirect LIF detection of explosives from spiked soil
samples: (a) soil blank, (b) soil containing 1 ppm of each analyte, and (c) soil containing
5 ppm of each analyte. Analytes: (1) TNB, (2) DNB, (3) NB, (4) TNT, (5) tetryl, (6) 2,4-
DNT, (7) 2,6-DNT, (9) 2-Am-2,6-DNT, (10) 4-Am-2,6-DNT. Conditions: run buffer, 50
mM borate, pH 8.5, 50 mM SDS, 5 uM Cy7; separation voltage, 4 kV; separation distance,
65 mm [620]. Reprinted with permission from the American Chemical Society.

7.1.3 MuLTiPLE-POINT FLUORESCENT DETECTION

Multiple-point fluorescent detection has been proposed to enhance detection
sensitivity. This method is based on the use of a detector function, such as the
Shah function. The time-domain signals were first detected, and they were con-
verted into a frequency-domain plot by Fourier transformation. Therefore, this
technique was dubbed Shah convolution Fourier transform detection (SCOFT).
As a comparison, the single-detection point time-domain response is commonly
known as the electropherogram [698,699,701].

The Shah function can be realized physically by using multiple slits. With
microfabrication, the separation channel and detection slits (55) can be fabricated
and aligned to each other (see Figure 7.10) [698]. A 488-nm Ar* laser line was
expanded to produce a parallel beam illuminating along the separation channel
consisting of 55 slits. The fluorescent emission was detected by a PMT detector.
The time-domain signal for a single component (fluorescein) is shown in Figure
7.11a. The frequency-domain signal obtained after Fourier transform is shown in
Figure 7.11b. The frequency is related to the migration time in the usual electro-
pherogram format. Using this technique, the baseline drift due to a changing
fluorescent background can also be eliminated [698].
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FIGURE 7.10 Micromachined glass electrophoresis chip for SCOFT detection: (a) sche-
matic showing the solution reservoirs, one electrophoresis channel (4.5 cm long, 15 pm
deep, 50 um wide at the top, 20 wm wide at the bottom), and patterned Cr layer with
micromachined slits (300 um-wide, 700 um-spaced center to center); (b) scanned image
of the actual 75-mm X 75-mm chip. The six different channel systems can be seen [698].
Reprinted with permission from the American Chemical Society.

The use of multiple sample injections (up to a maximum of three) was found
to enhance S/N, i.e., the S/N is slightly higher than the square root of the number
of injected sample plugs. In addition, multipoint detections of a two-component
sample [700,701] or four-component sample [699] were also achieved, but the
separation resolution was not as good as that obtained from the conventional
single-point detection [701]. Besides Fourier transform, wavelet transform was
also used in multipoint fluorescent detection to retain some time information in
addition to the frequency information [702].
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FIGURE 7.11 One-component injection detected by SCOFT. (a) Time-domain data pro-
duced when a fluorescein sample is injected down the separation channel: 55 peaks, spaced
at 0.58 s, superimposed on the Gaussian distribution of the expanded laser beam. (b)
Fourier transformation of part (a). Peaks for 1.74 Hz (fundamental) and 3.43 Hz (second
harmonic) can be seen. The frequency of 1.74 Hz was correlated to the migration time of
~ 0.58 s [698]. Reprinted with permission from the American Chemical Society.

Instead of realizing the Shah detector function using the multiple slits, mul-
tiple excitation points were created. This was achieved by monolithically inte-
grating multiple planar waveguide beam splitters on a fluidic channel. In this
way, 128 excitation points were created on the fluid channel for multipoint
fluorescent detection [413].

In contrast to using physical slits or beam splitters, the Shah (or comb)
function has been applied after collecting the signal over an unmasked channel
(9 mm long) using a cooled CCD detector [703]. Since the detector function was
applied after data collection, greater flexibility can occur in the choice of the
detector function (Shah, modified-Shah, or sine). When the Shah function was
used, although the second harmonic peak in the frequency domain was not seen,
new artifact peaks appeared. However, when the sine function was used before
FT, there was no artifact peak. This data reprocessing capability has provided an
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advantage over the SCOFT method [703]. A Hadamard transform (HT) was also
reported for detection using a CCD camera. An eight-fold improvement in S/N
was reported for the detection of fluorescein [704].

However, the sampling frequency of CCD is low (28 Hz), as compared to
PMT (MHz), limiting the use of CCD for fast-moving analytes or beads [413].

Another method, cross-correlation chromatography, was also reported for
detection sensitivity enhancement (see Figure 7.12). Multiple injections were
performed in a continuous but random sequence. A single point detection output
was recorded. This output was correlated with the injection profile. This corre-
lation enhanced the detection sensitivity due to the multiplex advantage [705].

Intensity (arb.)

T T T T
10 15 20 25

Time (s)

(c)

FIGURE 7.12 Electropherogram and correlograms of the separation of dichlorofluores-
cein (70 pM) and fluorescein (63 pM): (a) an individual 7-bit correlogram, (b) electro-
pherogram from a single 0.25-s gated injection, (c) the averaged 12-bit correlogram [705].
Reprinted with permission from the American Chemical Society.
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7.1.4 ABSORBANCE DETECTION

A UV absorbance detector has been achieved on-chip by fabricating a U-shaped
detection cell (see Figure 7.13). This cell provides a longer optical path length
of 140 um. An optical fiber was used to launch the excitation light, and a second
fiber was used to collect the transmitted light. This longitudinal absorbance
method provides an 11-fold increase in absorbance, giving a detection limit of 6
UM for hydrolyzed FITC. This result is better than the theoretical seven-fold
increase based on a seven-fold increase in the path length [671].

In another report, a monolithic optical waveguide was fabricated along a U-
shaped cell for the detection of various compounds (see Figure 7.14) [706]. This
method has been used for absorbance detection at 254 nm [88], or 488 nm [706].

To increase the absorbance detection sensitivity, both a collimating lens and
a detection slit have been used in a PDMS chip to reduce collection of scattered
light [707]. An improved S/N ratio was also obtained by using tapered channel
waveguides as the collimators as well as the elliptical lens for absorbance detec-
tion [708].

To improve light collection for absorbance detection, a photosensor array was
integrated on an acrylic chip with a smooth and transparent surface. This allows
absorbance measurement (420-1000 nm) down to 0.0004 AU. Detection of 5
mg/ml blue dextran and 10 mg/mL each of lactic dehydrogenase (39 kDa) and
B-galactosidase (116 kDa) has been carried out [240].

\\— u-TAS
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fiber coupler multiplier tube

488-nm laser

FIGURE 7.13 Schematic of longitudinal absorbance detection on a glass microchip. 1,
Launch optical fiber; 6, absorbance collection fiber; 7, optical filter. A 3.1-um-core fiber was
used for launching and 7.9-um-core fiber was used for collecting light. Both were single-
mode optical fibers which consisted of silica core, 125-um-dia. silica cladding, and 250-pum-
dia. jacket polyimide coating. The fiber was first stripped of the polyimide coating, and then
the silica cladding was etched. The fiber was inserted into a 230-um-wide and 150-um-deep
channel. An index matching fluid (1,4-dibromobutane, n = 1.519) was also used to fill the
channel [671]. Reprinted with permission from the American Chemical Society.
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FIGURE 7.14 Micrograph of a U-shaped absorption cell with an optical path length of
1000 um on a silica glass microchip. A 250-nM fluorescein solution was used for visual-
ization [706]. Reprinted with permission from Elsevier Science.

A deeper channel (e.g., 100 um) can be used to enhance absorbance detection
because of the longer optical path length. However, this is feasible only when
non-aqueous CE, which produces low electrical current, is used [622]. An
increased path length (720 um) needed for optical absorbance detection was also
achieved by constructing a 3D fluid path [709].

An increase in optical path length can also be achieved in a multireflection
cell constructed on the microchip. Unlike in a Si chip where the crystal plane
<111> could be directly used as the reflective surface [710], a metal film was
needed in a glass chip to create the reflective surface [711]. It was found that
an Al film (80 nm thick) provided the best reflectance. Using bromothymol
blue, a 5- to 10-fold enhancement in absorbance (633 nm) was achieved. This
corresponded to an increased effective path length of 50-272 pum, as determined
from the channel depth of 10-30 um [711]. Another approach was to employ
a liquid-core waveguide in a PDMS chip with a 3D path for absorbance detec-
tion. Instead of than using a reflective coating, total internal reflection at a
polymer cladding was employed. Since the refractive index of the liquid core
(water, n = 1.33) was lower than that of the polymer cladding (amorphous
Teflon AF, n = 1.29), total internal reflection could occur. This polymer cladding
was necessary because the refractive index of PDMS (n ~ 1.41) was not lower
than that of water (n = 1.33). Using this method, the LOD of crystal violet (A
= 590 nm) was less than 1.3 pM, which was comparable to that obtained in
conventional detection using a 1-cm cuvette [712].
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In another approach, optical absorbance detection was achieved in an injec-
tion-molded PMMA flow cell consisting of 1800 pillars (25 um high) that were
used as diffraction elements. The LOD of Nile blue A perchlorate was determined
to be 1.2 uM [713].

Optical absorbance detection was also achieved using a CCD-based spectro-
photometer. Two food dyes (FD&C Blue #1 dye and FD&C Red #3 dye) were
first separated by open-tubular liquid chromatography and then detected on a
PDMS chip. The LODs for the blue and red dyes were determined to be 80 uM
and 200 uM, respectively [569].

Optical absorbance detection has been achieved based on reflectance mea-
surement. This was achieved on a plastic disk for p-nitrophenol detection (430
nm). The disk contained 1 wt% of titanium white pigment so that the disk was
reflective to white light. For enzyme measurements in 48 channels on the chip,
a scanning detection method should be used. Instead of using a scanning detector,
a stationary detector was used with the disk spinning at 60-300 rpm. The disk
was in fact spun in order to generate the centrifugal force needed for fluid flow
[1042].

A liquid prism was created on a PDMS chip for detection based on absorption
and refractive index shift. The liquid prism was formed by filling a hollow
triangular-shaped chamber with a liquid sample. Excitation and emission were
arranged at the minimum deviation configuration. At a low concentration of
fluorescein (< 100 uM), excitation light from an optical fiber was absorbed by
the molecule, but there was no shift in the excitation maximum. In this absorption-
only mode, the LOD of fluorescein was 6 UM. At higher concentration (i.e.,
100-1000 uM), there is an additional shift in the excitation maximum. This leads
to a much sharper decrease in the measured intensity, which is more than can be
accounted for simply by the absorption effect [714].

UV absorbance detection was used to analyze gases. For instance, a gaseous
mixture of BTX was detected using optical fibers along a 20-mm-long channel
[131,715].

7.1.5 PLAsMA EMissiON DETECTION

A plasma emission detector was constructed on-chip (see Figure 7.15). An image
of the helium plasma formed inside the chamber was shown in Figure 7.16 [718].
The plasma was generated by atmospheric-pressure DC glow discharge using He
(99.995% pure) [716,717]. Various carbon-containing compounds (hexane, meth-
anol, ethanol, 1-propanol, 1-butanol, 1-pentanol) in a GC effluent were directed
to the plasma detection chip. The optical emission was measured at 519 nm. For
hexane, the detection limit was 1012 g/s (or 800 ppb), but with only two decades
of dynamic range [716].

The microwave-induced plasma (MIP) is the most popular plasma used for
conventional GC-OES. However, the DC glow discharge plasma has recently
received more attention because it can be operated at a low temperature, albeit
at a low pressure 1-30 Torr so as to avoid excessive gas heating and arcing.
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FIGURE 7.15 Schematic of a plasma emission chip consisting of the top and bottom
plates. Features of the bottom plate (20 x 30 x 0.5 mm) are: 1, gas inlet; 2, gas outlet; 3,
pressure sensor connection; 4, electrodes; 5, electrode connection pads. Etched in the top
plate (14 x 30 x 0.5 mm) are: 6, plasma chamber; 7, inlet channel; 8, outlet channel [718].

Reprinted with permission from the Royal Society of Chemistry.

FIGURE 7.16 DC discharge plasma formed in a chamber (1000 x 350 x 150 um) at 750
Torr, 500 V, and 60 pA. (A) Original image. (B) False-color image of the same plasma

[718]. Reprinted with permission from the Royal Society of Chemistry.
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However, in a miniaturized device, the pressure does not have to be very low
(e.g., 860 Torr or atmospheric) because of a decrease in the device dimension.
Therefore, when the DC glow discharge plasma was produced in the chip, it
has an improved lifetime, probably because of the low-temperature operation
at atmospheric pressure, minimizing cathodic sputtering [716]. However, the
detector signal shows a marked band broadening and peak tailing when com-
pared with the FID signal. This is mainly attributed to the dead volumes of the
connection between the conventional GC column and the plasma chip detector,
thus necessitating the on-chip integration of GC and plasma detector [716].
The LOD of methane was reported to be 10-'4g/s with over two decades of
linear range [718]. This compares well with the LOD (for carbon) obtained
from a FID and from a microwave-induced plasma atomic emission detector
(10712 g/s) [716].

Plasma emission detection was also carried out on a glass chip constructed
with a main channel and a pair of side channels (75 um wide and deep). Two
50-um tungsten wires were inserted through these side channels, and an electrical
voltage of 2 kV was applied on them in order to produce emission in the main
channel. Off-chip GC effluents (CH,OH, CH,Cl,, CHCl;) were directed into the
plasma emission chip for detection. Gas chromatograms using the detection chip
(at three wavelengths) and the FID (for comparison) were shown in Figure 7.17.
LOD for chlorine was ~ 8 x 1071 g Cl per second. However, peak tailing was
more severe using the plasma emission chip, with respect to FID. This observation
was possibly caused by transient fouling of the plasma chamber walls and/or
diffusive loss of analytes into the side electrode channels [563].
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FIGURE 7.17 Gas chromatograms obtained by the plasma chip (emission at three differ-
ent wavelengths) and by the flame ionization detector (FID) for the separation of methanol,
CH,Cl,, and CHCI, [563]. Reprinted with permission from the Royal Society of Chemistry.
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This plasma detection method was also applied to detect a copper(Il) ion
solution (0.1 M) in a glass chip. Here, the liquid sample itself was employed as
the cathode for the DC glow discharge, using Ar as the carrier gas [719].

7.1.6 CHEMILUMINESCENCE (CL) DETECTOR

CL detection is based on the optical emission of an excited species formed in a
chemical reaction. For instance, an excited species is formed when luminol (or
3-aminophthalhydrazide) reacted with H,0O, as catalyzed by various substances,
such as metal ions or the peroxidase enzyme. CL detection is achieved as in
fluorescent detection, except that no excitation light is needed.

CL detection has been employed in various chemical analyses. For instance,
determination of mouse IgG was based on the CL reaction of an HRP-goat anti-
mouse IgG (HRP-Ab) and the luminol/H,0O, system. The amount of HRP-Ab
decreased with an increasing amount of mouse IgG (10-60 pug/mL). Mouse IgG
was then quantified using an internal standard (microperoxidase) after CZE sep-
aration. To enhance light collection in CL detection, an aluminum mirror was
deposited on the back side of the microchip [720].

When luminol is the CL reagent, which works only at high pH (above pH
10), its mobilization by EOF had been difficult. This is because at a high pH,
the cation population became too low to sustain the electrical double layer for
EO flow. A way around this is to add surfactant to the system to change the
channel wall surface to be positively charged, leading to a reversal of EOF. For
instance, CTAB was used to assist the EOF mobilization of luminol for the
detection of a metal ion (i.e., Co) in a glass chip. A bonus of the use of surfactant
is the findings that the lifetime of the CL emission increases in the presence
of surfactants (i.e., CTAB + CTAC). It is also found that N, gas, which is a
product of the luminol reaction, has caused a fluctuation in the CL intensity.
So areservoir was incorporated into the chip in order to help release the trapped
N, gas [284].

Determination of metal ions (Cr?*, Co?*, Cu?*) has been achieved using the
metal-catalyzed luminol-peroxide system. The EOF delivery of the CL reagent
(H,O,, pH 11.7) in the aqueous system can be achieved using a side channel (with
luminol present in the separation buffer with a pH of 6.0) [168].

In one report, the model compound, H,0,, was detected by CL based on the
Iuminol system using Co?* as a catalyst. Here, photodiodes were integrated onto
a Si—glass chip for the CL detection [310]. In another report, H,0, in the range
of 0.01-1 mM was detected by mixing with a stream of luminol/microbial per-
oxidase in a Si—Pyrex chip [307]. This CL system was expanded for the detection
of glucose by immobilizing glucose oxidase together with microbial peroxidase
[307].

In another report, CL determination of xanthine (1 mM) was achieved. Xan-
thine oxidase (XOD) first converted xanthine to H,O, and uric acid. Then H,0,
reacted with the CL reagents, HRP and luminol, to produce the CL signal [721].
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CL systems other than luminol have also been used, such as the Ru(bpy)**
(or TBR) system. Chemical reaction of TBR has been achieved by oxidation
using cerium(IV) sulfate [283,722] or lead oxide [722]. The addition of a non-
ionic surfactant (Triton X-45) strongly enhanced the CL emission [722]. The
TBR system has been applied on a glass chip for the determination of alkaloids,
such as codeine [722], or atropine and pethidine [283].

The CL system, 1,10-phenanthroline/H,0,, was used for determination of Cu
in water samples in a PMMA chip [723].

Another CL system, bis[2-(3,6,9,-trioxadecanyloxycarbonyl)-4-nitrophe-
nylJoxalate (TDPO) together with H,0,, has also been used for amino acid
analysis [168, 353, 724]. Dansylated amino acids (e.g., glycine and lysine) were
first separated on a quartz chip and then determined using CL detection. The
LOD of dansylated lysine was 10 uM. The detection region was near the buffer
waste vial where the migrated dansylated amino acids came into contact with the
CL reagents at the vial. This configuration, which did not require an additional
CL channel, had caused reproducibility problems in the migration time and peak
area [353]. Separation and detection of dansylated p/L amino acids (Phe) were
also achieved on a PDMS chip using the TDPO/H,0, system. Here, since the CL
reagent (TDPO) is dissolved in acetonitrile, TDPO can only be hydrodynamically
delivered from a side channel. In addition, the CL reagent should not enter the
separation channel, otherwise the presence of acetonitrile in the separation buffer
will alter the electric distribution in the separation channel, leading to reduced
separation efficiency [168].

CL detection can also be achieved using the electrochemical reaction. There-
fore, this mode is called electrochemiluminescence (ECL). To date, two systems,
which are the Ru(bpy)* (TBR) [725,726] and Ru(phen)* (TPR) [725], have been
achieved on-chip.

First, Ru(bpy)** and tripropylamine (TPA) are both oxidized electrochemi-
cally to form Ru(bpy)** and TPA*, respectively. Second, TPA* deprotonates and
forms almost immediately TPA-H. Third, TPA-H subsequently reduces Ru(bpy)**
to form an excited state of the reduced form, Ru(bpy)*”. Fourth, this species
relaxes back to Ru(bpy)?* and emits at A, = 610 nm. Note that TPA was consumed
during the reaction, but TBR was recycled [725]. The other ECL system,
Ru(phen)?*, behaves in a similar manner [725,727].

The ECL reaction can occur at room temperature in aqueous buffered solu-
tions and in the presence of dissolved O, or other impurities. To provide the
electric field for ECL to occur at the detector region, a pair of connecting floating
Pt electrodes (50 um wide, 50 um apart, and 100 nm thick) has been used. To
improve the adhesion of the Pt layer, a Cr underlayer was used. Unfortunately,
Cr was corroded in the presence of Cl- [725].

Separation of three amino acids (L-valine, L-alanine, and L-aspartic acid, 300
UM) have been detected using 0.5 mM Ru(bpy)** in the run buffer. The ECL
emission intensity can be enhanced by increasing the voltage across the elec-
trodes. However, with the floating electrodes, such an increase could only be
achieved by increasing the separation voltage [725].
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ECL detection of Ru(bpy)?* (or TBR) was conducted on a Si—glass chip with
an ITO anode [727]. Through the transparent ITO anode, orange light (620 nm)
was observed and recorded by a detector. It was found by cyclic voltammetry
that the oxidation potential was more positive, and the peak current density was
less on an ITO anode, as compared to the use of a Pt anode. In this work, Au
cannot be used as an anode, presumably because of polymerization of TPA at
the gold surface [727].

To apply the ECL method to detect more general analytes, multi-channel
systems have been proposed (see Figure 7.18)[274]. For instance, a two-channel
ECL detection was carried out on a PDMS—glass chip. This allows the detection
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FIGURE 7.18 One-channel, two-channel, and three-channel systems in ECL detection
[728]. Reprinted with permission from the American Chemical Society.
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of some reducible species, such as Ru(bpy);**, Fe(CN)¢*-, and benzyl viologen
(BV?2+), based on the reduction reaction not involved in the series of ECL reactions
as previously described. These species are reduced at the cathode of one (sensing)
channel, with the ECL reagent [Ru(bpy),>*] electrogenerated at the anode in
another (reporting) channel. The two-channel system permits an electrical contact
between the ECL-reporting stream and the analyte-sensing stream, while prevent-
ing their mixing. If the previous one-channel system (see Figure 7.18) was used,
the upper concentration limit of BV2* was 100 uM. This is because when the
concentration is above this limit, the products produced at the anode (reporting)
and cathode (sensing) overlap in space, resulting in luminescence quenching.
This two-channel system allows an increased concentration of BV2* up to 10 mM
to be detected, thus increasing the dynamic range [86].

Other than reducible species, the oxidizable molecule, dopamine, can also be
detected by indirect ECL detection, but only with the use of a three-channel
system (see Figure 7.18). The first oxidation (reaction a) of dopamine occurred
at the anode, and its presence was reported using the second oxidation (reaction
b) of TPA by Ru(bpy);**, which was electrogenerated at the anode from
Ru(bpy),>* [728]. The cathodic reaction involved a sacrificial species Ru(NH;):**
which was reduced to Ru(NH,),>*. In contrast to a previous report on indirect
ECL detection [274], the two oxidation reactions (a) and (b) were chemically
separate, but electrically correlated [728].

Other CL and ECL applications are given in the Appendix.

7.1.7 RerracTIVE INDEX (RI)

An RI detector was proposed, and this was based on the shift of an interference
pattern. When a collimated laser beam passed through a holographic optical
element, the beam was divided into two coherent beams. One beam (the probe
beam) was directed through the channel and the second beam (the reference
beam) passed through the glass substrate only and acted as a control [729]. The
two beams subsequently diverged in the far field and interfered, which generated
an interference pattern to be detected by a photodiode array. A change in the RI
of the solution in the channel resulted in a lateral shift in the fringe pattern [729].

A refractive index detector was also constructed on-chip to detect glycerol
(743 uM). An improved sensitivity was achieved in the backscatter format, rather
than in the forward scatter format, because the probe beam passed the detector
channel more than once in the backscatter format. This multiple pass advantage
was enhanced in the unique hemi-cylindrical shape of the channel. When the
channel was irradiated by a He/Ne laser with a beam diameter of 0.8 mm, a series
of backscatter fringes was produced. When the solution was changed from water
to glycerol, there was a change in the refractive index, and the position of the
fringes shifted (191 um/mRIU) [151].

The change in the refractive index gradient (RIG) between adjacent laminar
flow streams is employed as a MW sensor, as shown in Figure 7.19. A sample
was mixed with a mobile phase in a PDMS chip. The two laminar flow streams
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FIGURE 7.19 Illustration of the refractive index gradient (RIG) measurement by the
deflection of a diode laser beam on a PSD. The diode laser beam is incident upon the
channel structure, orthogonal to both the direction of flow and the concentration gradient.
An analyte stream (dark, for illustration purposes only) flows in from the sampling channel
and meets with a mobile-phase stream (light). The two streams flow together down the
analysis channel as the analyte diffuses into the mobile-phase stream. The laser beam is
deflected from a default position (dashed line) by the RIG between the sample and mobile-
phase streams. The deflection signal 0 is measured [730]. Reprinted with permission from
the American Chemical Society.

will be mixed by diffusion and create a concentration gradient. When a laser
beam (780-nm single-mode diode laser) is incident upon the channel structure at
a detection point, it will be deflected to the extent depending on the concentration
gradient established. The deflection angle is detected by a one-dimensional posi-
tion-sensitive detector (PSD). Such a deflection angle is greater at a second
detection point further downstream (say, 3 cm) than that at the first detection
point. The ratio of the PSD signals obtained at the two detection points is readily
correlated to the analyte diffusion coefficient, and, thus, to the analyte MW for
a given class of compounds. A LOD of 56 ppm of PEG 11840 has been achieved,
equivalent to 4.5 x 10-° RI unit [730].

7.1.8 THERMAL LENs Microscore (TLM)

Thermal lens microscopy (TLM) is a type of photothermal spectroscopy. TLM
depends on the coaxial focusing of the excitation and probe laser beams (see
Figure 7.20). Which is achieved using the chromatic aberration of a microscopic
objective lens [731]. The excitation beam can be provided by a YAG laser (532
nm) [846,1021] or an Ar ion laser (514.5 nm [846] or 488 nm [732]).The probe
beam can be provided by a He-Ne laser (632.8 nm) [846,1021]. After optical
excitation of the analyte molecules, radiationless relaxation of the analytes occurs,
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FIGURE 7.20 Schematic illustration of the thermal lens measurement. The excitation
beam was focused by the objective lens. After excitation of some analytes, their radiation-
less relaxation caused the thermal effect and the formation of a concave thermal lens. The
probe beam, which was also coaxially focused by the same objective lens, was collected
by the photodiode detector defined by the pinhole. Any change in the amount of heat
produced by the radiationless relaxation is manifested as the change in the photodiode
output as a TLM signal [733]. Reprinted with permission from Elsevier Science.

and this produces a concave thermal lens (see Figure 7.20). The probe beam,
which has a longer wavelength than the excitation beam, is focused just below
the center of the thermal lens [733]. The probe beam was detected by a photodiode
and the output was recorded as a TLM signal [732].

The TLM detection method has been applied to detect labeled amino acids.
For instance, after separation in a conventional capillary, DABSYL-labeled amino
acids were detected in a Pyrex TLM detector chip. The LOD was 4.6 x 10-% M,
as compared to the LOD of 5.2 x 10-° M obtained by the conventional absorbance
method [343]. TLM has also been applied for the analysis of metal ions such as
Co [319,734], Ni [735], Pb [736], Fe [734], and of organic molecules such as o-
toluidine after its oxidation [737].

The TLM method produces a spatial resolution of 1 um. Another advantage
of TLM is that it is not strongly affected by light scattering (e.g., by the cell
membranes in biological systems) [851]. It has been demonstrated that the TLM
method has a detection limit at the single-molecule level [425].

7.1.9 RAMAN SCATTERING

Raman scattering has also been employed for detection in microchips. The Raman
scattering (520 nm) of water has been used for focusing the laser light at the
channel in a glass chip [285]. Herbicides (diquat or paraquat) have been detected
by Raman scattering in a glass chip. They were measured (in the 700-1600/cm
range) using a Nd:YVO, laser (532 nm) [738].
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Surface-enhanced resonance Raman scattering (SERRS) has also been
achieved using silver colloid aggregates produced in situ in the chip. This method
was used to detect an azo dye, 5-(2"-methyl-3",5’-dinitrophenylazo)quinolin-8-ol,
which is a derivative of the explosive, TNT. With this method, it was possible to
detect 10 uL of 10~ M dye (or 10 fmol). This represented a 20-fold increase in
sensitivity over that achieved using a macroflow cell [739].

7.1.10 SuURrrFACE-PLASMON RESONANCE

Surface-plasmon resonance (SPR) has been used to detect surface-bound chem-
ical species. SPR is achieved to detect the binding events of antibody and antigens
in immunoassays. A gold-coated PMMA chip that was sealed by a PDMS channel
plate was used. The antibodies were first immobilized on the gold layer. Upon
binding with benzo[a]pyrene (BaP) 2-hydroxybiphenyl (HBP), the SPR signal
was recorded [740].

In another report, binding of IgG to anti-IgG immobilized on a Au-coated
BK7 chip (sealed by PDMS) was detected by SPR [741]. Lactate was also
determined using the SPR method. First, lactate was oxidized by LOX immobi-
lized on an osmium redox polymer to produce H,0O,. This molecule was then
reduced by HRP immobilized in the same redox polymer. This surface reaction
was detected by SPR [741].

A binding kinetics study of rabbit IgG to protein A was also carried out based
on SPR detection. Protein A was immobilized on the Au layer in the channel
wall in a PDMS—glass chip [511]. Antibody binding on peptides was also followed
by SPR. The peptides were immobilized in cross-PDMS channels on a Au-coated
chip [742].

7.1.11 INFRARED DETECTION

Infrared detection of toluene can be achieved on a microchip. The chip substrate,
which should be IR-transparent, has been fabricated from CaF,. The micro-
channels were etched on CaF, using a saturated Fe(NH,)(SO,), solution at room
temperature for 24 h. The etched depths were ~ 18 um or ~ 8 um, when the
etchant was stirred or unstirred, respectively. Bonding was achieved using
photoresist as an adhesive layer and with heating (135°C, 30 min) [743,744].

7.2 ELECTROCHEMICAL (EC) DETECTION

Another important detection method is based on electrochemical measurements.
These include the measurement of voltage (in potentiometry), solution resistance
(in conductivity), current (in amperometry), and current—voltage profile (in vol-
tammetry). These electroanalytical techniques are described in subsequent sec-
tions.
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7.2.1 AMPEROMETRIC DETECTION

The first EC detection, which was carried out on a glass chip, was based on
amperometric measurement using integrated working and counter electrodes (see
Figure 7.21) [745]. This has allowed the facile and stable location of the working
electrode at the exit of the separation channel. The reference electrode was in the
form of a silver/AgCl wire. This method has been used for analysis of DNA
restriction fragments and for sizing of PCR products [745].

For detection of DNA fragments, Fe(phen),>* was used as the electrochemi-
cally active intercalation reagent. The constant background current from free
Fe(phen),>* decreased in the presence of the DNA-Fe(phen),>* complexes. There-
fore, this is an indirect amperometric detection method. It was found that a
distance of 300 pum, instead of 600 pum, between the working electrode and
reference electrode has produced less electrical interference (in the form of a
sloping baseline), allowing the use of a separation voltage up to 1200 V (240
V/cm) [745].

There are numerous advantages of amperometric detection on-chip. These
include: (1) the detector has a minimal dead volume; (2) preparation of electrodes
(working) is compatible with the planar micromachining technology; (3) the
electrodes can be miniaturized without compromising LOD; and (4) the EC
detection has a short response time [746].

In one report, determination of glucose by amperometric detection was
achieved using a gold electrode patterned on glass. This was bonded to a Si chip,
whose surface had been oxidized to avoid electrically shorting the electrode.
Glucose oxidase, which was covalently immobilized on the inner surface of the
Si channel, converted glucose to H,0O, to be amperometrically detected [281].

In another report, unlike CE/EC devices previously reported, not only the
working electrode was integrated, but the reference and counter electrodes were
also patterned (Pt/Ti) on the glass chip. No external wire electrodes were used.
This method has minimized dispersion at the column exit [747]. The electrodes
were also situated under a “shelf” (due to the cover plate) so that the detection
volume was restricted and the dispersion was further reduced. The stability of
the chip was found to be more than 2 months. LOD of dopamine and catechol
were reported to be in the 4-5 UM range [747].

In amperometric detection, a reference electrode was usually employed. How-
ever, in one report, a platinized Au electrode was used as a pseudoreference
electrode in a three-electrode system for amperometric detection. The operation
principle follows that of the hydrogen reference electrode [242].

In amperometric detection, the high separation voltage and the low detection
voltage should be decoupled in order to avoid electrical interferences. In one
approach, the detector electrode near the buffer waste vial is at ground potential.
This is necessary because a finite high voltage applied to the waste vial will cause
electrical interferences. Therefore, the gated injection, in which the buffer waste
is always at ground, is employed for sample introduction [748].
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FIGURE 7.21 Capillary electrophoresis chip with integrated electrochemical detection.
(a) Full chip view. Injection channel length, 5 mm; separation channel length, 50 mm;
channel full width at half-depth, 46 um; channel depth, 8 pm. (b) Expanded view of the
integrated electrochemical detector. The working and counter electrodes were rf-plasma-
sputtered (2600-A Pt with 200-A Ti). (c) Scanning electron micrograph (140x) of the
detection region showing the location of the working electrode in the exit channel 30 pm
beyond the end of the separation channel. Image has been rotated 90° for viewing clarity
[745]. Reprinted with permission from the American Chemical Society.

Better isolation of the high separation field (similar baseline noise at various
separation voltages) was achieved by using a sputtered Au film formed at the exit
of the channel, which was perpendicular to the axis of the channel [749].

A platinized Au electrode was used as a decoupler (the decoupling ground
electrode for CE) to reduce the interferences of the high separation electric field
on the detection current and of H, bubble formation. However, the lifetime of
the decoupler was estimated to be ~ 10 separations [242].
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A Pd film decoupler has also been constructed for amperometric detection
of catecholamines. The Pd film has been thermally evaporated onto a plastic chip
(without the use of the Cr or Ti adhesion underlayers). Owing to the fast diffusion
of H, on a Pd surface, gas bubbles will not form. Pd is able to absorb H, produced
at the cathode up to a Pd/H ratio of 0.6. This reduces one of the interferences to
the EC signal, leading to an improvement of LOD to 0.29 uM dopamine
[205,375]. With an optimal decoupler size of 500 pm, up to 6 h of operation was
achieved with an electric field of 600 V/cm [375].

In one report, the development of a cellulose acetate decoupler has improved
the LOD of dopamine further to 25 nM [332]. In another, a microhole array was
constructed in a PET chip and used as an electrical decoupler (see Figure 7.22).
The array, which was perpendicular to the separation channel, was 1 mm away
from the working electrode. Decoupling was successful for 10-um holes used in
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D
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FIGURE 7.22 (Top) Schematic representation of the microchip layout used for the CE
separation with EC detection. (Bottom) Schematic representation of a cross section at the
end of the separation channel comprising the microhole array decoupler, the working
electrode, and the silver/AgCl reference electrode [191]. Reprinted with permission from
Elsevier Science.
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16-um channels. However, the decoupling function failed when a deeper channel
(60 um) or smaller holes (5 um) were used. Moreover, undesirable crosstalk
(between the high-voltage separation and low-voltage detection electric fields)
occurred. In these failing conditions, 10% of the separation current (10% of 0.3
UA =30 nA) flowed to the electrochemical cell. With the use of a high-resistance
buffer (e.g., 1 mM Tris buffer), the decoupling function was restored. Neverthe-
less, in this condition, a shift in the detection potential occurred [191].

It was reported that in-channel amperometric detection was possible without
using a decoupler. This has been achieved using an electrically isolated (non-
grounded, floating) potentiostat [750]. On the other hand, when the CE power
supply was battery operated (12-V battery to power 3-kV HV module) and
therefore it was electrically isolated from the electrochemical detection system
[765]. In another report, a portable HV power supply (using 6 V battery for the
HV module and 9 V battery for the electrochemical detection circuit) was con-
structed for CE-EC detection on a glass chip [751].

Pulse amperometric detection (PAD) has been used for the detection on a
PDMS chip. This method is useful for analysis of underivatized compounds, such
as carbohydrates, amino acids, and sulfur-containing antibiotics, which easily
caused electrode fouling. In PAD, a high positive potential (1.4-1.8 V) is first
applied in order to clean the electrode (e.g., Au) surface. This is followed by a
negative potential step (0.5 V) to reactivate the electrode surface. A third mod-
erate potential (+0.5 to +0.7 V) is applied for detection of the target analyte [752].

To avoid fouling of the Au working electrode, it is cleaned by applying a
bipolar square wave voltage to the electrode after 25 injections; however, more
than 10 repeated applications will still destroy the electrode [748]. The LOD of
catechol (single-electrode detection) was found to be 4 uM [748], which was
three times lower than a previous report [745], possibly because of the application
of the bipolar square wave voltage between injections to clean the electrode [748].

Other than metal, carbon was also used to fabricate electrodes for EC detec-
tion. Amperometric detection (end-column) was achieved at the end side of the
chip using the current-time (i—f) curve mode. The screen-printed carbon working
electrode was situated at the waste reservoir near the channel outlet side. In
addition, a silver/AgCl wire was used as the reference electrode and the platinum
wire used as the counter electrode. With the C electrode, a relatively flat baseline
with low noise was observed (see Figure 7.23). This occurred despite the use of
a high negative detection potential (0.5 V vs. silver/AgCl), the use of non-
deaerated run buffer along the 72-mm-long separation channel, and the absence
of a decoupling mechanism. However, the use of a higher separation voltage (>
2000 V) will still increase background noise [625].

In one report, a thick-film C electrode (by screen printing) was constructed.
Carbon ink (10 um thick) was first printed on an alumina plate, and cured
thermally. Then the silver ink (28 um thick) was printed and cured to partially
overlap with and hence connect to the C layer. The thick-film C electrode was
found to enhance the detection sensitivity, as compared to the thin-film ampero-
metric detector [753].
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FIGURE 7.23 Influence of the separation voltage upon the amperometric response for a
mixture containing 3.0 X 10-5 M paraoxon (a), 3.0 x 10> M methyl parathion (b), and 6.0
x 1075 M fenitrothion (c). Separation performed using (A) +1500, (B) +2000, (C) +2500,
(D) +3000, (E) +3500, and (F) +4000 V. Also shown (inset) are the resulting plots of plate
number (N) versus separation voltage. Separation buffer, 20 mM MES (pH 5.0) containing
7.5 mM SDS; injection voltage, +1500 V; injection time, 3 s; detection potential, 0.5 V
(vs. silver/AgCl wire) at the screen-printed carbon electrode [625]. Reprinted with per-
mission from the American Chemical Society.

A replaceable C disk electrode (two-electrode system) was used for end-
column amperometric detection of biogenic amines. The electrode was inserted
through a guide tube and was 30 £ 5 um away from the capillary exit. This
configuration allowed easy replacement of the electrode, especially after biofoul-
ing. The electrode was situated at a central position to maximize coulombic
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efficiency with respect to the axis of the capillary [754]. Micro C disk electrodes
(30-um dia.) were also used for amperometric detection of ascorbic acid (LOD
=5 uM) in a PDMS—glass chip [755].

A glassy C electrode, which was immobilized with tyrosinase, was used for
amperometric detection of phenol in a polyimide chip. Phenol was enzymatically
converted to catechol, which was then oxidized to quinone during detection.
Chlorophenol can also be detected, but this is achieved after a dechlorination step
(to phenol) using a Mg/Pd metal catalyst [229].

Carbon fiber electrodes (~ 100 nm dia.) were also used to characterize the
diffusion between adjacent stream zones at the interface between a microfluidic
system (16 channels: 50 um wide, 57 um deep, separated by a 22-um wall) and
a large volume using 10 mM ferrocyanide and amperometric detection [756]. It
was reported that when the carbon fiber electrode was used in a PDMS chip, the
in-channel format gave better peak symmetry than the end-channel format [757].

Conducting carbon polymer ink, which filled a UV-ablated microchannel,
was used to construct the integrated microelectrode on a plastic chip. Both
chronoamperometry and CV were employed to detect a model compound (fer-
rocenecarboxylic acid) down to 3 UM, corresponding to 0.4 fmol within a volume
120 pL [758]. In another report, a carbon-paste electrode was constructed by
filling a laser-ablated (PET or PC) channel with C ink. The whole structure was
then cured at 70°C for 2 h [189].

Amperometric detection was achieved on two patches of C films (formed by
CVD of 3,4,9,10-perylenetetracarboxylic dianhydride) on a glass chip. The micro-
channels were formed using a 23-um-thick photoresist as a spacer. Glucose
oxidase and lactate oxidase were immobilized with HRP on the C films via a
coated film of osmium PVPD polymer. Simultaneous measurements of glucose
and lactate in rat brain cerebrospinal fluid (first perfused with 50 mM veratridine)
were achieved. These two films were spatially separated in order to avoid inter-
diffusion of H,0, formed from the two separate enzymatic reactions. Moreover,
the two films were preceded by a third C film immobilized with ascorbate oxidase
in order to remove ascorbic acid interference [759].

Other materials were also employed to construct electrodes for amperometric
detection. For instance, a boron-doped diamond (BOD) electrode was used for
amperometric detection of nitroaromatic explosives, organophosphate nerve
agents, and phenols. The BOD electrode offers enhanced sensitivity, lower noise,
negligible adsorption of organic compounds, and low sensitivity to oxygen [760].
In addition, a copper particle-modified carbon composite electrode was used for
amperometric detection of glucose in a PDMS chip [761].

The first dual-electrode amperometric detection was achieved on a
PDMS—glass device. An analyte was oxidized at the first electrode, and was then
reduced at the second electrode. This method was used to positively identify
catechol (100 uM) among a complex mixture containing ascorbic acid [748].

Another dual electrode was used on a polystyrol chip. Collection efficiency
of ~ 90% was obtained for 1-hydroxyethylferrocene [210].
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FIGURE 7.24 Dual detection of a five-component sample in TES buffer. Electrophero-
grams obtained using (a) LIF and (b) amperometric detection. Peaks are identified as DA,
CAT, and NBD-labeled Arg, Phe, and Glu [670]. Reprinted with permission from the
American Chemical Society.

Dual LIF and amperometric detection are used to detect a five-component
mixture (see Figure 7.24). The labeled amino acids (i.e., NBD-Arg, NBD-Phe,
and NBD-Glu) are fluorescently detected. The EOF marker (DA) and internal
standard (CAT) are amperometrically detected. The fluorescent peaks are nor-
malized to the internal standard, CAT. As a result, the RSD of migration time
was improved from 2.7% to 0.8% [670].

To avoid deterioration of the Au/Cr electrode, C-electrodes have been used.
Dual C-fiber electrodes were constructed on PDMS. The separation channel (25
um wide and 50 um deep) was fabricated on the top plate. Two C fibers (33 um
dia.) were inserted into the PDMS channels (35 pm wide and 35 um deep)
fabricated on the bottom plate. Consecutive injections (up to 41) could be per-
formed before the electrode was cleaned with a bipolar square wave voltage. The
LOD of catechol was found to be 500 nM. With the use of the C electrode,
peptides (e.g., Des-Tyr-Leu-enkephalin), which formed stable Cu(II) and Cu(III)
complexes, could be detected [762]. Dual-electrode amperometric detection also
allowed the positive detection of two peptides [763].

7.2.2 VOLTAMMETRIC DETECTION

Voltammetric techniques have also been employed for on-chip EC detection. For
instance, anodic stripping voltammetry (ASV) was used to detect Pb in a Si—Pyrex
chip [770] or a polyimide chip [229].

Another voltammetric method, sinusoidal voltammetry (SV), was also
employed. This was a frequency-based electrochemical method, which was found
to be more sensitive than the usual constant potential (DC) amperometric detec-
tion method. SV has been achieved to detect on-chip separated catecholamines.
This method is very similar to fast-scan cyclic voltammetry (CV), except that a
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sine wave of a large amplitude is used as the excitation waveform. Data analysis
is performed in the frequency domain in order to better decouple the faradaic
signal from the background components [764].].

SV detection was also achieved to detect catecholamines on a PDMS—quartz
chip. Pyrolyzed photoresist films (PPF) were used as planar carbon electrodes.
Since the photoresist (AZ4330) must adhere on a substrate for pyrolysis at
1000°C, a quartz plate that could withstand high temperature was selected. The
LOD of dopamine decreased from 160 nM to 100 nM when the PPF was treated
by piranha solution (H,SO,/H,0,). It was because such a treatment increased the
surface oxygen/carbon ratio, and hence the oxidation kinetics of dopamine wave
improved [765].

In addition, the selectivity of SV detection can be enhanced by using appro-
priate harmonics (see Figure 7.25). When the excitation offset was centered on
the half-wave potential of dopamine (134 mV vs. silver/AgCl), dopamine was

300 pA 50 pA
T T T T T T T T T 1 T T T T T T T T T 1
60 80 100 120 140 60 80 100 120 140
Time (sec) Time (sec)
(a) (b)
T T T T T T T T T 1 ) T T T T T T T T 1
60 80 100 120 140 60 80 100 120 140
Time (sec) Time (sec)

(c) (d)

FIGURE 7.25 Manipulation of the applied potential window to enhance selectivity of SV
detection. Separation of 5 UM dopamine and 5 UM isoproterenol produced a resolution
of 0.9. A 3-Hz sine wave with a 500-mV amplitude with a variable offset was applied for
SV detection. 1. Excitation offset centered on the half-wave potential of isoproterenol (180
mV vs. silver/AgCl). (a) First harmonic (3 Hz) time course and (b) fourth harmonic (12
Hz) time course. 2. Excitation offset centered on the half-wave potential of dopamine (134
mV vs. Ag/AgCl). (c) Third harmonic (9 Hz) time course and (d) second harmonic (6 Hz)
time course [765]. Reprinted with permission from the American Chemical Society.
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not detected on the even harmonics (i.e., 6 Hz for second harmonics), but was
only detected on the odd harmonics (i.e., 9 Hz for third harmonics); (see Figure
7.25¢ and Figure 7.25d). Further selectivity enhancement can be obtained through
manipulation of the monitored phase angle determined by the digital lock-in
technique. The optimum phase angles for maximum signal occurs at 150° and
123° for dopamine and isoproterenol, respectively. Therefore, isoproterenol will
not be detected when the phase angle is monitored at 213°, which is +90° out of
phase of 123°, and only dopamine is detected (dotted trace), as shown in Figure
7.26 [765].

7.2.3 POTENTIOMETRIC DETECTION

The potentiometric detector or ion-selective electrode (ISE) has been used for
on-chip detection. For instance, Ba?* in a flow stream (1 pL/min) has been
detected on an ISE chip (see Figure 7.27) [766]. The ISE chip comprises two
distinct channels (10 pm deep). The sample channel holds the flowing sample
solution (Ba?*). The U-channel entraps the polymeric membrane and the barium
ionophore (Vogtle): N,N,N’,N’-tetracyclohexylbis(o-phenyleneoxyldiacetamide).
The two channels are connected by a junction structure (point D) of 20 um in
width for the sample to come into contact with the membrane. To prevent potential
drift, reservoir A has been filled with an internal filling solution (0.1 M BaCl,).
This filling solution is usually missing in other types of miniaturized ISE. The
response times to changes of Ba?* are rapid (within seconds) [766].

Other than barium, potassium and nitrite ionophores have been incorporated
into an optode membrane to detect K* and NO,™ potentiometrically on a plastic
disk [767]. In another report, a thin layer of CuS (50-200 nm) was used to
construct a copper ISE on a Si—glass chip [768].

Potentiometric measurement using a Pt electrode has been employed in a
titration (between Cr,0,%- and Fe(CN)4*") which was carried out on a PDMS-glass
chip. An 11-channel serial dilutor was used to produce the different titrant con-
centrations, and a chaotic advective mixer was incorporated to facilitate solution
mixing [769].

Finally, a Cl- ion selective membrane was also used in a microchip for the
detection of Cl-. However, the detection was achieved by absorbance, not poten-
tiometric, measurement [453].

7.2.4 ConbucTivity DETECTION

Conductivity detection has also been used for on-chip measurements. In one
report, the solution (e.g., NaCl) was in contact with the Pt electrodes on a Si—Pyrex
chip [770]. Conductivity detection was made possible on a Pt electrode sputtered
on a PMMA chip [631].

An on-column contact conductivity detector was fabricated on a PMMA chip
to analyze amino acids, peptides, proteins, and oligonucleotides. To minimize
faradaic reaction and to only measure ohmic resistance (or conductivity), a bipo-
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FIGURE 7.26 Utilization of the digital lock-in technique to enhance selectivity of SV
detection. Separation of 10 pM dopamine and 10 uM isoproterenol, which produced a
resolution of 0.9, was shown at the fifth harmonic (15 Hz). A 3-Hz sine wave from —116
to 384 mV (vs. Ag/AgCl) was applied for SV detection. (a) Phase common signal: time
course monitored at the phase common angle of 137°. (b) Phase nulled signals: time course
monitored at —90° out of phase (60°) with the dopamine optimum phase angle (150°)
(solid trace), and time course monitored at +90° out of phase (213°) with the isoproterenol
optimum phase angle (123°) (dashed trace) [765]. Reprinted with permission from the
American Chemical Society.
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FIGURE 7.27 Micromachined ISE chip. (a) Schematic drawing of a sensor chip design
with channels and reservoirs: point A, inlet for U-channel; point B, outlet for U-channel;
point C, inlet for sample channel; point D, junction structure, where membrane contacts
sample solution; and point E, outlet for sample channel. The diagram illustrates the
complete filling of the silanized U-channel with an organic membrane cocktail. (b) Scaled
diagram of the 12- X 6-mm chip [766]. Reprinted with permission from the American
Chemical Society.

lar-pulse conductivity detector was developed. LOD of alanine was found to be
8.0 nM, which translates to 3.4 amol (in an injection volume of 425 pL) [208].
For comparison, indirect fluorescent detection of amino acids produced a LOD
of 1.6 amol [696]. Such a low LOD obtained by conductivity detection results
from a number of factors: small spacings of the Pt wire electrodes (20 um),
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implementation of the bipolar pulse (5.0 kHz, £0.5 V), and signal averaging (5000
data point average) [208].

In a special case, the decrease in resistance of Pd after H, absorption was
employed for its determination. This decrease which was due to the decrease in
the work function of the Pd layer by H,, was correlated with the H, concentration.
For instance, H, gas (LOD ~ 0.5%) was detected in a Si microchannel electrode-
posited with a Pd layer [771].

To avoid electrolysis and electrode fouling when the solution was in contact
with the measurement electrodes, contactless conductivity detection was pro-
posed. This non-contact method relied on the capacitive coupling of the electro-
lyte in the channel, and the method has been used to detect inorganic ions that
alter the conductivity and capacitance in the electrolyte [277,638].

A four-electrode capacitively coupled (contactless) detector has been inte-
grated on a Pyrex glass chip for detection of peptides (1 mM) and cations (5 mM
K+, Na*, Li*). The Al electrode (500 nm Al/100 nm Ti) was deposited in a 600-
nm-deep trench and was covered with a thin dielectric layer (30-nm SiC). The
other parts of the channel were covered and insulated with Si; N, (160 nm). To
avoid gas bubble formation after dielectric breakdown, the electric field for
separation was limited to 50 V/cm [145]. This four-electrode configuration allows
for sensitive detection at different background conductivities without the need of
adjusting the measurement frequency [328].

In contactless mode, the dielectric thickness should be small. If the insulating
layer is thicker, a higher signal frequency must be used to obtain adequate signals.
For instance, an excitation frequency of 58 kHz is sufficient for measurement in
using the 10-15 um thick glass wall as the dielectric layer. The optimum fre-
quency for conductivity detection was determined from a signal vs. frequency
plot shown in Figure 7.28. To reduce on-chip stray capacitance, the detection
electrodes are shielded by two in-plane shielding electrodes (grounded) [141].

After frequency optimization, three separated cations were detected, and these
are shown in Figure 7.29. The initial elevated signal is attributed to the application
of the high voltage used in the separation of the cations [141].

A contactless conductivity detector was also constructed using 10-pm Al foil
strips fixed on a 125-um-thick PMMA chip with epoxy. Here, the PMMA plate
was the dielectric layer. The electrodes were arranged in an antiparallel fashion
to minimize stray capacitance between them [772].

In another report, the electrodes were placed in ultrasonically ablated wells
so that they were very close (0.2 mm) to the channel. In addition, a faraday shield
was placed between the two electrodes to avoid direct coupling between them.
A voltage of several hundred volts was used to achieve low detection limits [773].

Electrodes in a capacitively coupled conductivity detector were made by
injection molding carbon-filled polymer into a preformed PS chip. The polymer
consisted of three conducting formulations: 8% carbon black filled PS, 40% C
fiber filled nylon-6,6, and 40% C fiber filled high-impact PS [774]. In another
report, a movable contactless conductivity detector was also developed to allow
the distance of the electrode to be adjustable [775].
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FIGURE 7.28 Determination of the optimum operating frequency in contactless conduc-
tivity detection. Sample plugs of 20 mM MES/His were injected at varying excitation
frequencies, and the peak height was recorded for each frequency. In this example for a
device with 400-um-wide electrodes and a 50-pum-wide channel, the optimum operating
frequency was found to be 58 kHz. Running buffer, 10 mM MES/His at pH 6.0; separation
conditions, 200 V/cm; effective separation length, 3.4 cm [141]. Reprinted with permission
from Wiley-VCH Verlag.

7.3 MASS SPECTROMETRY (MS)

For MS detection, the microfluidic chip has been coupled to various ionization
interfaces (ESI, MALDI) and to different mass analyzers (by single quadrupole,
triple Q, ion-trap, MS/MS, and FTICR). The chip can be single- or multi-channel,
and can be integrated with various sample handling processes such as precon-
centration, digestion, and separation. The following two sections describe the two
ionization interfaces (ESI and MALDI) that precede the MS analysis.

7.3.1 ELEcTROSPRAY loNizATION (ESI)

The first mode to interface the sample effluent from a microchip to a mass
spectrometer (MS) was based on electrospray ionization (ESI). For electrospray
generation, a sharp tip is usually used as an emitter. For instance, a sheath flow
micro-ion sprayer was used to interface a microchip to a mass spectrometer (see
Figure 7.30). CE separation was first carried out, and then the separated compo-
nents were transferred to the mass spectrometer for MS analysis [812].

In addition, a pulled capillary tip was inserted and glued to the end of a
microchannel to be used as a disposable nanoelectrospray emitter. Membrane
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FIGURE 7.29 Microchip CE separation of a sample containing 100 uM of K*, Li* and
Na* (prepared in the running buffer). The measured plate number for K+ is 43,200 plates/m,
with an estimated limit of detection of 18 uM. Running buffer, 10 mM MES/His at pH
6.0; separation conditions, 280 V/cm; effective separation length, 3.4 cm; contactless
conductivity detection at 58 kHz (as optimized in Figure 7.28) [141]. Reprinted with
permission from Wiley-VCH Verlag.
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FIGURE 7.30 Schematic of the chip-CE coupled with a sheath flow ESI interface for MS
analysis [812]. Reprinted with permission from the American Chemical Society.

proteins from non-pathogenic (Rd) and pathogenic (Eagan) strains of Haemopilus
influenzae were isolated (in 1D SDS-PAGE) and in-gel digested with trypsin.
The digests were subsequently placed on the chip to carry out on-chip separation
for clean-up and partial separation and subsequent ESI-QTOF detection and
peptide mass-fingerprint database search [809]. Various proteins and peptides
have also been studied by ESI-TOF [810].
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To reduce the dead volume at the electrospray tip, it was inserted (then glued)
into a specially drilled flat-bottom hole, as opposed to a conical-bottom hole
[132]. A similar method was used for analysis of various peptide standards and
tryptic digests of lectins from Dolichlos biflorus and Pisum sativum [812].

A single microchannel has been used for sequential MS analysis of multiple
samples. In this case, no sample cross-contamination has been reported. For
instance, no sample crossover was observed for 10 UM cytochrome c versus 10
UM ubiquitin [943], and tryptic digests of f—lac, CA, and BSA [776]. In another
report, sequential infusion of tryptic digests of CA (290 nM) and BSA (130 nM)
into ESI-ITMS was achieved using EOF. No cross-contamination resulted when
a central flow of buffer confined the other samples in the reservoir and channel
by precise voltage control [801].

Electrospray ionization has been obtained from a flat edge, without using a
sharp tip [195,816,818]. For instance, a stable electrospray was generated at the
flat edge of the channel exit with a pressure flow (100-200 nL/min). However,
the flat edge should be coated with a hydrophobic layer (only good for 30 min.)
to prevent liquid spreading. Detection of recombinant human growth hormone (2
uM), ubiquitin (10 uM), and endorphin (30 uM) have also been demonstrated
[818]. Another way to produce a hydrophobic surface was to use a PTFE mem-
brane (70% porosity) was used to cover the orifice of a PC emitter tip [777].

In one report, multiple channels have been constructed on a microchip for
interfacing to MS. For instance, a nine-channel glass microchip was interfaced
to MS to detect myoglobin. The mass spectrum of myoglobin that was transferred
from the microchip appeared to produce comparable results to that transferred
using a conventional capillary (see Figure 7.31) [818]. Tryptic digest of BSA,
horse myoglobin, human haptoglobin and 2D-gel yeast proteins were sequentially
analyzed in a, nine-channel chip with a single transfer capillary coupled to an
ESI-ITMS instrument [776].

In another report, a microchip comprising 96 channels with 96 imbedded
capillary tips was constructed for high-throughput MS analysis of peptides (see
Figure 7.32) [780].

On-line protein digestion has been achieved by trypsin adsorbed in a porous
PVDF (poly [vinylidene fluoride]) membrane (0.45-um pore) coupled in a PDMS
chip. In this way, on-chip protein digestion and subsequent MS analysis have
been carried out for horse heart cytochrome ¢ [817].

In another report, trypsin was mixed with the protein (e.g., cytochrome ¢ and
hemoglobin) off-chip and tryptic digestion was allowed to continue before MS
analysis was conducted [807]. To ensure that the enzyme trypsin was most active,
ammonium bicarbonate (pH 8) was employed. This salt was used instead of
ammonium acetate (pH 6.5) commonly used for ESI-MS. As shown in Figure
7.33, the use of ammonium bicarbonate resulted in less noise (Figure 7.33b).
Sufficient signal was also obtained for protein digestion in a shorter time, if a
greater amount of protein was used (Figure 7.33c) [807].

Desalting of samples was also carried out before ESI-MS analysis. To achieve
this, a PVDF membrane was sandwiched at the sample reservoir on a chip for
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FIGURE 7.31 Comparison of ESI-mass spectra of myoglobin (6 UM in 75% methanol,
0.1% acetic acid) transferred from (A) an HF-etched capillary (50 pum i.d.), 800 nL/min,
and (B) a microchip with 60-um-wide and 25-um-deep channels, 200 nL/min [818].
Reprinted with permission from the American Chemical Society.



228 Microfluidic Lab-on-a-chip for Chemical/Biological Analysis and Discovery
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96 ESI tips, 26 pm i.d.
flow ~ 200 nl/min

00000000 MS sampling orifice extension
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stationary HY electrode

translation stage
2 96 well ESI microdevice

FIGURE 7.32 Exploded view of a 96-channel MS chip design. The plate with individual
channels and electrospray tips was positioned on a translation stage in front of the extension
of the MS sampling orifice. Individual samples were transferred by sequential pressuriza-
tion of the sample wells through the pressure distribution cover plate which was sealed
to the ESI device by a silicone rubber gasket. The ESI high voltage was applied via the
stationary HV electrode positioned under the ESI device [780]. Reprinted with permission
from the American Chemical Society.

dialysis of the sample as it entered the microchannel. This method was used to
analyze picomole amounts of propanodol, insulin, and cytochrome c. This process
was tolerant to high urea concentration and the presence of a common reductant,
DTT [778]. In another report, cleanup separation was carried out by gradient
frontal LC performed on a C18 cartridge before MS analysis. The tryptic digest
of horse apomyoglobin and yeast proteins were analyzed in this way [803].

Microchip MS analysis was also employed to study drug metabolism. For
instance, metabolism of antidepressant drugs (imipramine, doxepin, amitrip-
tyline) was studied using ESI-MS/MS (see Figure 7.34). Conversion of these
drugs was carried out by cytochrome P450 (CYP) enzymes in human liver
microsomes. The enzymatic conversion of imipramine (5-100 uM) to
desipramine as inhibited by tranylcypromine (5-15 uM) was also studied.
Although P450 reactions are traditionally carried out in an open environment
exposed to O,, it was found that this reaction can also occur in a closed system
within a polymer chip [217].

An 8-mer peptide substrate was used for the study of HIV-1 protease activity
in the presence of various inhibitors (e.g., Pepstatin A). With a tripeptide as an
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FIGURE 7.33 Microchip ESI mass spectra of tryptic digests of cytochrome c. Spectra
for cytochrome ¢ (0.8 uM)/trypsin (10 pg/mL) in (a) 10 mM ammonium acetate containing
20% methanol, 25-min digestion, and in (b) 10 mM ammonium bicarbonate containing
20% methanol, 15-min digestion. TOF-MS acquisition: 5000 Hz, 25,600 summed spectra.
(c) Spectrum for cytochrome (0.4uM) c/trypsin in 10 mM ammonium bicarbonate con-
taining 20% methanol, 7-min digestion. TOF-MS acquisition: 5000 Hz, 1600 summed
spectra, 3.2 spectra/s. Peak notations: B, buffer-related ions; C, system contaminants; t,
trypsin autolysis products; t,, trypsin contaminants; T14 etc. trypsinated cytochrome ¢
fragments [807]. Reprinted with permission from the American Chemical Society.
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FIGURE 7.34 ESI-MS results from the incubation of imipramine with human liver
microsomes in a Zeonor (cyclic olefin copolymer) chip. A monolithic SPE column was
integrated for sample cleanup (desalting and removal of enzyme) and preconcentration of
the N-demethylated monohydroxylated metabolites. The data were acquired in the m/z
range of 250-350. The mass spectrum shows the remaining parent drug imipramine (m/z
=281.2, 1.43 x 10° cps), the formation of the monohydroxylated isomeric metabolites of
imipramine (m/z = 297.2, 1.6 x 10° cps), and the formation of the N-demethylated
monohydroxylated metabolite, desipramine (m/z = 267.2, 3.2 x 10* cps) [217]. Reprinted
with permission from the American Chemical Society.

internal standard, inhibitors of various concentrations were placed in the 96-
channel plate to establish the inhibition constant [780].

In another report, a microchip was interfaced to MS for the detection of the
tetrameric plasma protein (transthyretin) which was involved in the transport of
thyroxine. Screening of small molecules, including the natural ligand, thyroxine,
that could stabilize the tetramer structure was carried out [779].

Polymeric materials have been used to fabricate the MS chip. These materials,
including PMMA [200], Epofix [780], and PDMS [162,800], have been evaluated
for possible organic contaminants. When polymeric chips are used, there might
be MS signals resulting from the organic contaminants in the polymer substrate,
and they are called chemical noises. Some chemical noises are apparent in a
PMMA chip, as shown in Figure 7.35A. However, after washing the chip to
remove organic contaminants resulting from the chip fabrication the chemical
noises are much reduced (see Figure 7.35B). Moreover, good stability (for 4 h)
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FIGURE 7.35 (a) Initial mass spectrum obtained from PMMA microchip device. The
mass spectrum is characterized by a substantial chemical noise background most likely
due to residual developer solution present in the microchannels. (b) Electrospray mass
spectrum obtained with 10 uM angiotensin I (in 50:50 MeOH/H,O containing 1% acetic
acid) after the PMMA microchip has been washed with 50:50 MeOH/H,O. The simple
solvent wash completely eliminates the residual chemical contamination arising from the
microchip fabrication step [200]. Reprinted with permission from the American Chemical
Society.

in the MS signal was obtained [200]. For PDMS chips, the chemical background
was found to be low for MS analysis [162].

An ESI-MS chip has been constructed on PMMA. The chip consisted of eight
open channels and eight sharp ends (see Figure 7.36). The pointed tip and the
hydrophobic nature of PMMA allowed the facile formation of an ESI. A flow of
0.5-1 uL/min was used to sustain the electrospray. This flow was provided mostly
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FIGURE 7.36 Schematic of the PMMA chip electrospray arrays used to analyze sequen-
tially eight samples (A, copper electrode; B, acrylic bar; C, electrical cable; D, plastic
box; E, spring on an acrylic rod). The insets show the dimensions of the chip and the
close-up view of a channel [781]. Reprinted with permission from the American Chemical
Society.

by HDF (using a syringe pump), but the flow could also be generated by EOF
or by EOF-induced flow. This chip has been used for the MS analysis of sildenafil
in a commercial tablet [781].

An ESI tip was also constructed by laminating two PET films (commonly
used in overhead transparency film). The printed toner served as the channel wall
structure. The tip border was dipped in a silicone solution (OVI), thus forming
a hydrophobic layer that prevented the aqueous solution from spreading along
the edge during electrospray formation [238].
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FIGURE 7.37 (Left) Photograph of the ESI emitter at the outlet portion of a microfabri-
cated PC chip. (Right) Exploded view showing construction of the chip consisting of the
PC cover and base plates sealed by a PET polymer layer. The bottom view shows the
channel layout; whereas the top view shows the reservoir connection [290]. Reprinted
with permission from Wiley-VCH Verlag.

Various methods have been reported to fabricate monolithic tips in polymeric
materials for MS analysis [782]. The tip fabricated in PC is shown in Figure 7.37
[290]. Other materials, such as parylene [783], PDMS [784,785], or SU-8 [786],
were also used. For instance, an open tip was constructed on a PDMS chip. A
lid was used to cover the whole chip except the microchannel tip [172,787].

An array of triangular-shaped tips was fabricated from a 5-um polymeric
sheet (parylene C) by O, plasma etching. The sheet was sandwiched between
two plastic plates. An ESI formed at one of the tips was shown in Figure 7.38.
The wicking tip protruding from the end of a microchannel aided in forming a
triangularly shaped droplet (0.06 nL in volume) and assisted in forming a stable
Taylor electrospray cone [788].

In another report, electrospray emitter tips were mechanically milled from
the end of a microchip microfabricated by injection molding (see Figure 7.39).
A conducting layer was put on the emitter tip so that the electric potential could
be directly applied at the tip. In this manner, a sheathless electrospray could be
formed. Since no aiding liquid or gas was used to produce the spray, no dilution
of the sample occurred. The conducting layer consisted of either polymer-embed-
ded 2-um gold particles (dubbed as fairy dust) or 1-2 um graphite particles. This
conducting layer produced longer stability, as compared to sputtered gold which
suffered from instability due to poor adhesion [213].
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FIGURE 7.38 An ESI array device with triangular tips has been fabricated on parylene
(only four tips are shown). The no. 2 tip is spraying buffer solution [788]. Reprinted with
permission from the American Chemical Society.

FIGURE 7.39 Schematic representation of three types of ESI emitter tips, which were
microfabricated on PC or PMMA. I, machine-milled 3D tip; II, machine-milled 2D tip;
111, hand-polished 3D tip [213]. Reprinted with permission from the American Chemical
Society.

Another sheathless ESI interface was constructed on PET by photoablation.
High voltage was supplied close to the outlet of the microchannel, through an
embedded thick-film C ink microelectrode. The microspray was generated directly
from the flat edge of the substrate (without any tip addition). No solution wetting
occurs at the flat edge, thanks to the hydrophobicity of PET. Since the microelec-
trode area was small, this resulted in a low current density during electrospray,
and hence bubble formation due to water hydrolysis was minimized [195].

In one report, the electric potential necessary for ESI generation and EOF
pumping was supplied through an electrically permeable membrane (4.6 wm
wide) contacting the fluidic channel holding the ESI capillary tip [121].

In another report, instead of producing a conductive tip for ESI, the entire
chip was fabricated from a conductive substrate, glassy C. This allowed HV to
be directly applied on the chip, but an ESI tip was still needed to be inserted and
glued to the chip. Etching of glassy C was achieved electrochemically in 0.1 M
NaOH. Bonding with a glass cover was achieved using an adhesive [789].
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Monolithic nozzles have been fabricated to construct the ESI tips. They were
fabricated on Si by DRIE. This approach has showed greater signal stability and
intensity [790].

A Si microneedle has been fabricated, though the application was not in
making the ESI tip, but in transdermal drug or vaccine delivery. Figure 7.40 shows
how the microneedle penetrates a 10-um-thick Al foil. This needle has the open-
ings in the shaft, rather than in an orifice at the tip [791].

7.3.2 MATRIX-ASSISTED LASER DESORPTION IONIZATION
(MALDI)

Matrix-assisted laser desorption ionization is another ionization mode used for
MS analysis. Enzymatically digested peptides have been studied using a 90-well
microchip constructed in a MALDI plate format (see Figure 7.41). Peptide diges-
tion was initiated in the MALDI interface where the peptide hormone, adreno-
corticotropin (ACTH) was mixed with the enzyme carboxypeptidase Y. The
mixing process was self-activated in the vacuum conditions. Subsequent TOF
MS analysis produced kinetic information of the peptide digestion reaction [820].

In another report, an open-access channel (i.e., no cover plate) has been used
for CE separation before the MALDI-MS analysis [792].

One of the requirements in MALDI-MS analysis is the use of a liquid matrix.
The electrowetting-on-dielectric (EWOD) method has been used to move and
mix droplets containing proteins and peptides with the liquid matrix, all of which
were situated at specific locations on an array of electrodes. With this method,
insulin (1.75 uM), insulin chain B (2 uM), cytochrome c (1.85 puM), and myo-
globin (1.45 uM) have been analyzed [518].

15KV X488 1@¥m MWD 9

FIGURE 7.40 Penetration of a 10-pum-thick aluminum foil by a side-opened monolithic
Si microneedle. Note that no damage can be observed on the needle [791]. Reprinted with
permission from the Institute of Physics Publishing.
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FIGURE 7.41 Picture of the microfabricated fluidic device integrated with a standard
MALDI-TOF sample plate. Because of the self-activating character of the microfluidic
device, the system can be introduced into the MALDI ionization chamber without any
wire or tube for the sample introduction and the flow control [820]. Reprinted with
permission from the American Chemical Society.

Microfluidic processing (concentration and desalting) of protein digests (pep-
tides) was carried out on a compact disk (CD) consisting of multiple channels.
This CD was compatible with MALDI-MS analysis. Centrifugal force moves the
liquid through multiple microstructures via common liquid channels, with the
operation of only one such microstructure shown in Figure 7.42. The tryptic
digests of the peptides (1 uL) were loaded to the CD, as shown in Figure 7.42A.
A common distribution channel was used to add wash solution (200 nL); see
Figure 7.42B. To elute the peptides from the column, a volume of 200 nL of
eluant (50% CH,;CN with 1 mg/mL of the MALDI matrix) was distributed via
the common channel (see Figure 7.42B). The MALDI matrix is cinnamic acid
(CHCA) containing 1% of trifluoroacetic acid (TFA). The eluate was transported
to the MALDI target area (400 x 200 wm) for solvent evaporation and crystalli-
zation of the peptide-matrix mixture, (see Figure 7.42C). After crystallization,
the CD is cut and inserted into the MS system. The total time required to process
a CD with 96 samples is ~ 40 min. For comparison, 1 UL tryptic digest was
mixed off-chip with 1 uL of 3 mg/mL CHCA in 70% CH,CN containing 0.1%
TFA. This mixture was applied by the dried droplet technique to form dots of an
area of 1-1.5 mm?. The MS spectra obtained from the samples prepared in these
two ways are depicted in Figure 7.43 for comparison. It is found that 10 additional
peptides are detected from the CD-processed sample. Moreover, a higher protein
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FIGURE 7.42 On-CD processing of samples (96 structures per CD). An individual micro-
structure element is shown separately for the three consecutive steps of sample application
(1 uL), washing/elution, and co-crystallization with a MALDI matrix. First, the dilute and
salt-containing crude sample is applied at (A) onto the 10-nL reversed-phase column
(white). Second, the washing and elution/matrix solutions are applied via a common
distribution channel at (B), with the liquid volume defined to 200 nL after activation of
an overflow channel (not shown). Third, co-crystallization of the concentrated and desalted
sample with a MALDI matrix is taking place at (C). This is a 200- x 400- pm target area
where the crystalline deposit is accessible to the laser beam of the MALDI instrument as
shown by a photograph of the crystals in C [793]. Reprinted with permission from the
American Chemical Society.

identification score based on 17 peptides with a higher amino acid sequence
coverage (29%) was found on the CD-processed sample, as compared to seven
peptides with a sequence coverage of 12% in the conventionally processed sample
[793].

The CD-based microfluidic processing method for MALDI-MS analysis was
also achieved to analyze phosphorylated peptides. For instance, bovine protein
disulfide isomerase (PDI), after phosphorylation, underwent tryptic digestion.
The peptide solution (1 pL) was put into the CD for a phosphopeptide enrichment
step by immobilized metal affinity chromatography (IMAC). A group of 48
channels in the 96-channel CD was used for this step. Another group of 48
channels was used for IMAC with subsequent enzymatic dephosphorylation by
alkaline phosphatase. Figure 7.44a shows the tryptic digest of unenriched PDI;
whereas Figure 7.44b shows the mass spectrum of the enriched sample, which
indicates two phosphopeptides at m/z values of 964 and 2027. After dephospho-
rylation, both peptides showed the 80 Da shift to lower masses (see Figure 7.44c).
This is a characteristic mass shift of the phosphate group [794]. Another analysis
performed in a similar way on the ligand-binding domain of the human miner-
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FIGURE 7.43 MALDI mass spectra from analysis of a tryptic peptide extract recovered
after in-gel digestion of BSA (maximally 12 fmol/uL based on the amount of protein
applied to the gel before electrophoresis, staining, excision, digestion, and extraction). (a)
1 uL of the extract processed and analyzed on-CD resulted in 17 identified peptide peaks
(asterisks). (b) 1 UL of the same extract processed and analyzed in a standard manner on
a steel target (dried-droplet technique), after mixing with 1 uL of 3 mg/mL CHCA in 70%
acetonitrile containing 0.1% TFA, resulted in seven identified peptide peaks (asterisks).
Autolytic trypsin fragments are indicated by T [793]. Reprinted with permission from the
American Chemical Society.

alocorticoid receptor has revealed two novel phosphorylation sites, at Thr 735

and Ser 737 [794].
The research in the area of on-chip MS analysis is very active and the
important differences are summarized in Table 7.1.

7.4 OTHER DETECTION METHODS

7.4.1 THERMAL DETECTION

Non-contact temperature measurement inside microfluidic channels was achieved
by using fluorescence quenching of a rhodamine dye. The intensity of the dye
fluorescence is temperature-sensitive in a range temperature of 5-95°C [795].
Another on-chip temperature measurement method was achieved by measuring
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FIGURE 7.44 MALDI mass spectra from on-CD analysis of the phosphopeptide-con-
taining sample. (a) Peptide mass spectrum after concentration/desalting. A database search
showed that the sample contained bovine protein disulfide isomerase. (b) Phosphopeptide
enrichment by IMAC. Two phosphopeptides at m/z 964 and 2027 were recognized (c)
Phosphopeptide enrichment followed by enzymatic on-column dephosphorylation using
alkaline phosphatase. Two phosphopeptides at m/z 884 and 1947 were recognized from
the mass shifts of 80 Da from (B), which were resulted from dephosphorylation [794].
Reprinted with permission from the American Chemical Society.

the ratio of the fluorescent intensities emitted by the monomer/excimer pair. For
instance, the ratio of the fluorescent intensities of the monomer (at 415 nm) and
the excimer (at 485 nm) of 1-pyrenesulfonic acid sodium salt (1.16 mM) was
measured [275]. In addition, thermochromic liquid crystals were loaded into the
microchannels to indicate the temperature inside the channels [357]. These meth-
ods have been used to characterize the temperature inside the PCR chips during
thermal cycling [275, 357].

In another report, a microthermocouple (Ni—Ag) was fabricated on-chip for
temperature measurement (see Figure 7.45). The thermocouple metals were fab-
ricated using electrodeless deposition. This thermal measurement method was
used to monitor an acid-base neutralization reaction and an enzymatic reaction,
[271].



TABLE 7.1

Summary of MS Analysis Using Various Techniques of Chip-MS

Chip Design

Glass chip with a transfer
capillary

Glass chip with a transfer
capillary

Transfer capillary, PMMA
chip

Transfer capillary PDMS chip

Two samples/one transfer
capillary glass chip

Transfer capillary integrated
nebulizer, glass chip

Transfer capillary, glass chip

Coupled micro sprayer, glass
chip

Flow

EOF 100-150
nL/min
Pressure flow

Pressure flow
20-200 nL/min
EOF plus pressure
2-3 psi

EOF 200-300
nL/min

Pneumatic
nebulization (150
nL/min)

EOF

4 uL/min pressure
flow

MS Mode
ESI-QTOF
ESI-LCQ
ESI-
FTICR
ESI-ITMS

ESI-ITMS

ESI-ITMS

ESI-ITMS

ESI triple
Q

Analytes
Single-Channel ESI Chip
Myoglobin tryptic digest (290 fmol/uL)

BSA, cytochrome ¢, angiotensin
peptides (10 pg/mL)
Cytochrome ¢, 500 nM

Rat serum albumin separated by 2D gel,
angiotensin I (100 nM)

Fibrinopeptide A (33 nM) tryptic digest
of CA (290 nM), BSA (130 nM)

Angiotensin peptides (20 pg/mL)
cytochrome c tryptic digest

Tryptic digest of horse apomyoglobin
(7.4 nM), yeast proteins

Carnitine and acylcarnitines in fortified
human urine
35-124 uM (10-20 pg/mL)

Sample Treatment
Trypsin
Trypsin
Nil
Trypsin
Trypsin

Trypsin

Trypsin

N/A

Separation

Nil

CE

Nil

Nil

Nil

ITP-CE

Non-chip
gradient
frontal
CEC
separation
C18

column
CE

Ref.

799
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800
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802

804
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Glass chip with ESI tip

Glass chip

Inserted/glued capillary tip,
glass chip

Inserted glued tip, glass chip

Inserted glued tip
Glass chip

Inserted glued tip, Zeonor
chip

Inserted glued capillary tip,
glass chip with an internal
standard side channel

Orthogonal inserted glued tip,
glass chip

Inserted tip, PC chip

EOF 30-100
nL/min

Pressure flow

1 uL/min pressure
flow

EOF 100 nL/min
pressure flow
4 uL/min

EOF 20-30
nL/min

Pressure flow 6
UL/min

EOF 200 nL/min,
pressure flow
50 nL/min

EOF 20-30
nL/min

0.3 uL/min
pressure flow

ESI-TOF

ESI
QTOF

ESI-triple-

Q-SIM

ESI-TOF

ESI-triple
Q

ESI-Q
TOF

-triple Q

-triple Q

ESI-TOF

ESI-ITMS

Gramicidin S (1 pM)

Cytochrome ¢

17-62 uM carnitine and acylcarnitines in
fortified human urine

In fortified human plasma, carnitine, or
acetylcarnitine (1-500 pg/mL)

Imipramine or desipramine (5-500
ug/mL)

Tryptic digest of bovine hemoglobin (4
UM) cytochrome ¢ (0.8 uM)

Human hemoglobin (normal and sickle
cell, 0.24 uM)

Carnitine, acylcarnitines, butyl carnitine

1-D gel of tryptic digest of membrane
protein of H. influenzae (non-
pathogenic Rd and pathogenic Eagan
strains)

Mixture of leu-enkephalin, somatostatin,
angiotensin II bradykinin, LHRH

Tryptic digest of seed lectin of P.
vulgaris L

Gramicidin S (0.1-10 pM), cytochrome
¢ (0.1 uM), bradykinin, leu-enkephalin,
methionine encephalin

Horse heart cytochrome ¢ (5 uM), 30-
mer oligonucleotide (10 uM)

Nil

Trypsin on beads
N/A

N/A

Mixed off-chip/on-
chip tryptic digestion

N/A

Trypsin

Trypsin

Trypsin

Nil

CE
CE

CE

Nil

CE

CE

CE

Nil

121

805
804

806

807

808

809

810

811

-- continued

SPOYIoW uo13d939(

N
-
Juiry



TABLE 7.1 (CONTINUED)
Summary of MS Analysis Using Various Techniques of Chip-MS

Chip Design

Inserted glued capillary, glass
chip

Microsprayer, glass chip

Inserted capillary tip (no
glue), glass chip

Inserted tip, glass chip
Inserted emitter, silver glue
coated, PMMA chip

Inserted tip PC chip

Flat-edge emitter, glass chip

Flow

Pressure flow 50
nL/min

Pressure flow 1.5
UL/min

Pressure flow
100 nL/min

EOF-hydraulic

pump 200
nL/min

200 nL/min

EOF induced flow
1.5 nL/s

MS Mode Analytes Sample Treatment
Single-Channel ESI chip
ESI-triple Angiotensin I, leu-enkephalin Trypsin
Q vascoactive intestinal peptide, Glu-
fibrinopeptide B
Tryptic digest from D. biflorus, P.
sativum lectins, substance P, brakykinin
(20 pg/mL) oxytocin, Met-enkephalin,
Leu-enkephalin, bombesin, LHRH,
Arg®-vasopressin, bradykinin
ESI-ITMS Tryptic digest of cytochrome ¢ Trypsin
(LCQ) myoglobin, B-lactoglobulin A & B,
BSA
ESI-TOF Bovine hemoglobin tryptic digest Mixed off-chip, on-
chip tryptic digestion
ESI-ITMS BSA, fibrinopeptide A, osteocalcin Trypsin, off-chip
fragment 7-19, bradykinin (all 10
pmol/uL)
ESI-ITMS BSA (30 uM), cytochrome ¢ (8 uM), Dialysis
ubiquitin (2.4 uM), E. coli lysate
Flat-Edge ESI Sprayer
ESI ITMS Tetrabutylammonium iodide, 10 uM N/A

Separation

CE

CE

Nil

Nil

Nil

Nil

Ref.

812

813

115

814

815

816
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PET, no tip

PDMS chip

Hydrophobically coated flat
edge, nine-channel glass chip
PDMS chip with no tip

Multi-channel, glued
capillary tip, glass chip

nine-channel/one transfer
capillary sheath, glass chip

96-channel 96-tip epoxy resin
chip
90-channel Si-glass chip

Embedded tip, PDMS chip

Sheathless flow
200 nL/min

Pressure flow
0.1-0.3 uL/min
Pressure flow
100-200 nL/min
EOF

EOF flow

N, pressure 200
nL/min
Vacuum 10-° Pa

Pressure flow 0.4
UL/min

ESI-ITMS Reserpine 1 pg/mL-1 mg/mL
Horse heart myoglobin 5 uM
ESI, single  Cytochrome ¢
Q
ESI triple Myoglobin (60 nM)
Q
ESI-triple Psilocin (50 pmol)
Q
Buprenorphine (20 pmol)
Multi-Channel ESI Chip
ESI Melittin
ESI-ITMS Tryptic digest of BSA-182 nM
Horse myoglobin-237 nM
Human haptoglobin-222 nM
2D gel yeast proteins (40 png)
ESI-ITMS 8-mer peptide for HIV-1 protease (with
inhibitors: e.g., pepstatin A)
41-base deoxyoligonucleotide
Adrenocorticotropin (ACTH)
Polymeric ESI Tip
ESI-single 0.4 uM phenobarbital
Q

Nil

Trypsin on PVDF
membrane
Nil

Nil

Trypsin

Trypsin

N/A

Digested by snake
venom phospho-
diesterase

Digested by
carboxypeptidase

Dialysis

Nil

CITP/CZE

Nil

Nil

Nil

Nil

Nil

Nil

Nil

-- continued
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TABLE 7.1 (CONTINUED)
Summary of MS Analysis Using Various Techniques of Chip-MS

Chip Design

Triangular-shaped tip on
parylene C sheet, cyclo-

olefin chip

Monolithic Si nozzle

Micromachined emitter,

parylene chip

16-channel, monolithic

PDMS tip, PDMS

PC plate with an integrated tip

Polyimide tip

PMMA chip, hand-polished

3D tip

Flow

Pressure flow
300 nL/min

0-5 psi N, 100
nL/min

2—4 psi gas, 35-77
nL/min

300 nL/min

0.5 psi N, EOF:
0.05 pL/min

Sheath liquid: 0.2
UL/min

300 nL/min

1 uL/min
sheathless

MS Mode

ESI-TOF

ESI-TOF

ESI-ITMS

ESI-ITMS

ESI-ITMS
ESI-TOF

Analytes

Polymeric ESI Tip
1 UM desipiramine and 1 uM
imipramine, chicken cytochrome ¢

Cytochrome ¢ 10 nM, nine-peptide mix
(160 pg/uL each)
Gramicidin S, cytochrome ¢

(ACTH 1-17) adrenocorticotropic
hormone fragment 1-17

Angiotensin I & III (Arg I & Arg III) (all
1 uM)

Myoglobin (0.05 mg/mL)

Mammalian proteins

1 uM-angiotensin II, [Arg®]-vasopressin,
leucine-enkephalin, methionine-
enkephalin, luteinizing hormone
releasing hormone (LHRH)

Sample Treatment

N/A

Trypsin
Trypsin

Trypsin

Trypsin

Trypsin
Nil

Separation

Nil

Nil
Nil

Nil

IEF

LC
Nil

Ref.
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Zeonor chip

SU-8 nib

Eight-channel PMMA chip
with sharp end

COC chip with parylene C tip

Monolithic Si nozzle

Glassy C chip with an ESI tip

PDMS chip, with PDMS tip

PTFE membrane over emitter
tip exit on a PC chip

PDMS chip with an open
channel tip

Si chip
Glass chip

1 uL/min
0.5-1 pL/min

5 uL/min

Pressure

Pressure 0.4
ML/min

3 uL/min

EOF 80 nL/min

Pressure 0.2
ML/min

N/A
N/A

ESI-triple
Q

ESI-LCQ
ESI-Q

ESI-triple
Q
ESI-QTOF
ESI-Q
ESI-TOF

ESI-QTOF

ESI-TOF

MALDI
MALDI-
FTMS

Imipramine, doxepin amitriptyline

Gramicidin S (1-10 uM)

Myoglobin, cytochrome c, insulin,
bradykinin (1 pM)

Methylphenidate (Ritalin) in urine

O-glycosylated sialylated amino acids
and peptides in urine
Angiotensin II (26.8 nM)

Angiotensin I (10 uM), bradykinin (10
uM)
Myoglobin (1 mg/mL)

Myoglobin (1 pM)
MALDI

Lysozyme 1 uM
[Lys’]-bradykinin (0.5 mg/mL)

On-chip human liver
microsome
metabolism

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Trypsin on porous Si
Nil

SPE

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil
CE

217

786

781

823

824

789

785

751
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Patterned surface
preparation with
\ PDMS stamp

elective electrodeless
Ni plating

Patterned deposition
\ of electrodeless Ag

Ag-Ni
microthermocouple
on glass slide

FIGURE 7.45 Schematic showing the procedure used for the microfabrication of a ther-
mocouple. The thermocouple, which consists of intersecting Ni and Ag metal lines, is
fabricated by electrodeless metal deposition as masked by the PDMS channels [271].
Reprinted with permission from the American Chemical Society.

7.4.2 Acoustic WAVE DETECTION

A quartz crystal sensor chip was bonded with a microfluidic glass chip for acoustic
wave detection (see Figure 7.46). The sensor was operated in the thickness-shear
mode (TSM). This has allowed rat heart muscle cell contraction to be studied
based on the measurement of the resonant frequency changes [133].

Gas-phase photoacoustic detection of propane in N, was attempted on a Si chip.
In this method, a modulated light beam is incident on the sample. If the wavelength
of the modulated light couples to an energy transition in a gas, the gas absorbs the
modulated light resulting in periodic gas expansions and contractions, which are
manifested as an acoustic wave. This wave can be detected by a microphone. In
contrast to conventional absorption spectroscopy, the sensitivity of photoacoustic
spectroscopy scales inversely with dimension, and hence this method is favored in
the microscale. This is because photoacoustic spectroscopy is a differential technique
in which the absorption is measured as the intensity per unit surface area [796].
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FIGURE 7.46 (a) Image of a TSM sensor consisting of a 4 X 15-mm front-side Au
electrode. (b) Image of the TSM sensor bonded with a microfluidic channel plate [133].
Reprinted with permission from Royal Chemical Society.

FIGURE 7.47

Schematics of a micromachined NMR probe. The probe consists of a multi-turn electro-
plated planar microcoil integrated on a glass substrate with etched microfluidic channels
for sample containment. The coil has typical dimensions of 2 mm or less, with sample-
containment capability ranging from a few nanoliters to 1 pL, depending on coil size. As
a reference, the coil lies in the yz plane with the static magnetic field B, along the z-axis
[797]. Reprinted with permission from Elsevier Science.

7.4.3 NucLEAR MAGNETIC REsONANCE (NMR)

A planar microcoil-based probe was fabricated on a glass chip for NMR mea-
surement (see Figure 7.47). The 'TH NMR spectrum of sucrose in D,0 was shown
in Figure 7.48. The noise is mainly due to the thermal fluctuations generated by
the series resistance of the coil (e.g., 1 ). To reduce the channel wall thickness
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and to improve the filling factor encompassed by the coil, the glass chip was
mechanically thinned down to 65 pum. Two probes of different coil diameters
were designed. It was found that the NMR signal for the anomeric proton of
sucrose (~ 5.3 ppm) was strong in the case of the larger probe (2 mm dia.); see
Figure 7.48. The greater volume of ~ 470 nL corresponds to an increased amount
of sucrose (160 pg). To improve resolution, a Lorentz—Gauss transformation is
applied to the original free induction decay data to yield a spectrum with a higher
resolution (see Figure 7.49) [797].

In another report, dual copper microcoils were fabricated on a glass chip
sandwiching an etched chamber of 1.4 pL for NMR measurements. A 1D 3'P
spectrum of phosphoric acid and a '3C spectrum of '3CH;OH were recorded.
In addition, a COSY spectrum of '3C-labeled acetic acid was also acquired in
~ 1 h [798].

5.5 5.0 4.5 4.0 3.5 3.0
ppm
(2)

55 5.0 4.5 4.0 3.5 3.0
ppm
(b)

FIGURE 7.48 'H NMR spectra of sucrose (1 M in D,0) acquired at 300 MHz using
micromachined NMR probes. (a) Spectrum acquired using a probe with sample volume
~ 30 nL (diameter over height ratio 3.3). The corresponding sample mass is 10 g (30
nmol). (b) Spectrum acquired using another probe with sample volume ~ 470 nL (diameter
over height ratio 13.3). The corresponding sample mass is 160 g (470 nmol) [797].
Reprinted with permission from Elsevier Science.
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A,

ppm 5.5 5.0 45 4.0 36 3.0 25

FIGURE 7.49 'H NMR spectrum of sucrose after Lorentz—Gauss resolution enhancement
applied to the data shown on Figure 7.48b [797]. Reprinted with permission from Elsevier
Science.






8 Applications to
Cellular/Particle
Analysis

Cellular studies are facilitated in the microfluidic chips because of their small
dimensions. In addition, the chip provides excellent optical properties for obser-
vation and flexible fluidic control capabilities for reagent delivery.

Cell retention, manipulation, and subsequent cellular analysis can be all
achieved on-chip. Cell retention can be achieved by using slit- or weir-type filters,
or by cell adhesion. In addition, fluid flow optical trapping and dielectrophoresis
(DEP) have been exploited to manipulate and retain cells.

Particles are sometimes used to carry out modeled studies of fluid flow or
cell manipulation. In other studies, the particles or beads are actually employed
to carry out analysis, e.g., immunoassays.

8.1 RETENTION OF CELLS AND PARTICLES
8.1.1 Sut-Type FILTERS

Slit-type filters have been fabricated to trap micrometer-sized particles and to
retain suspension cells (e.g., blood cells).

To trap particles, a filter consisting of a 1-ium-deep channel was constructed
on a quartz chip. This filter was employed for sample filtration before CEC
separation [148].

In one report, a filter consisting of slits of 5-um spacings was fabricated on
a Si chip. After sealing with a Pyrex glass plate, this filter was found to be able
to retain latex beads of 5.78 wm in diameter within a 500-um channel (see Figure
8.1) [919]. However, in the study of red blood cells (RBC) using this type of
filter, the cells tended to deform and passed through the slits [835,826].

In another report, a fluid filter was constructed using two silicon membranes
(containing numerous 10-um-diameter holes). The two membranes were dis-
placed laterally relative to each other and separated by a distance with silicon
dioxide spacers of submicron thickness [827].

A lateral percolation filter was fabricated on quartz (see Figure 8.2). The filter
elements, which were located near the entry port of a channel, had 1.5 wm channel
width and 10 pum depth. They were anisotropically etched with an aspect ratio
greater than 30:1 [828]. In contrast to the usual axial slit filter, in which the filter
area is dictated by the channel area, the fluid flow in the lateral percolation filter

251
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FIGURE 8.1 Filtrations of 5.78-um-diameter latex beads by a slit-type filter. A 500-um-
wide and 5.7-um-deep channel was fabricated on a 400-um-thick Si wafer. The slit
structure consisting of 5-pum-wide slits between 73-um-wide posts was fabricated by DRIE
[919]. Reprinted with permission from Elsevier Science.

FIGURE 8.2 Lateral percolation in a microfabricated filter. It is seen that as liquid ver-
tically enters an array of microfabricated cubes attached to an underlying substrate and is
drawn laterally to the sides of the array through an interconnecting channel network,
particles larger than the 1.5-um channels separating the cubes will be excluded, similar
to axial filters. It should also be noted that as the entrance to a channel is blocked by a
particle, liquid is still capable of flowing under the particle, and multiple alternative routes
are still available for liquid to enter the bed and migrate through the filter. The significance
of this is that the illustrated lateral percolation filter will have a specific filter capacity
(particles filtered/cm? at the filter face) equivalent to high-capacity axial filtration systems
[828]. Reprinted with permission from the American Chemical Society.

is at a right angle to the filtering direction. This filter, which is also known as
the cross-flow filter [228], provides a much larger filter area than can be offered
by the channel width. Because of the channel depth of 10 um, even though the
channel entrance is blocked by a particle, the liquid is still capable of flowing
under the particle. Filtering of 5-um silica particles, soybean cells (Glycine max
var. Kent), human KB cancer cells, and E. coli cells has been achieved with the
lateral percolation filter [828].
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Retention of oligonucleotides immobilized beads was also achieved on a slit-
type filter chamber fabricated on Si. The three different designs are shown in
Figure 8.3 [829-831]. Although the flow rate decreased when the chamber was
filled with beads, clogging of the filter was rare and reversible, especially with
the design shown in Figure 8.3c [831].

Slit filters are usually fabricated on Si or quartz, but they can also be made
on glass (but with greater gap spacings of 11-20 wm). In one report, a glass slit
filter was fabricated essentially to prevent particles from clogging channels down-
stream [115].

(a)

(b)

‘|

FIGURE 8.3 Different microfilter designs. (a) The filter pillars are placed inside the
channel. (b) The channel is widened at the bead-trapping location. (c) The filter pillars
define a square reaction chamber where the beads are collected [831]. Reprinted with
permission from Elsevier Science.
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Particle retention has been achieved by a porous polyimide channel (see
Figure 8.4). Based on ion-track technology, the photocured polyimide was first
irradiated by energetic xenon ions to form ion tracks. By chemical etching using
NaOCl, these tracks were enlarged to form nano-sized (500-nm) channel pores.
Two different sized beads were detected and differentiated by laser light scattering
measurement. It was found that large fluorescent beads (~5 wm) were filtered off,
with small fluorescent beads (~ 300 nm) passing through the porous nanochannels
(see Figure 8.5) [228].

The slit-type filter has also been used for cell retention. For instance, a porous
filter has been used to retain rabbit blood cells in a whole blood sample. This
filter was fabricated inside a glass microchannel using emulsion photopolymer-
ization. The retained cells were then lysed for the assay of G-6-PDH [832].

4 o cc.V Spot Magn woD 20 pm
!_ 5.00 kW 3.0 1545x 325 EPFL-IMMAMISA S, Metz 010702
=y} ~

FIGURE 8.4 Cross-sectional SEM image of a porous microfluidic channel after being
irradiated with ions of low energy. The beam energy determines the length of the tracks
allowing perforation of the top layer [228]. Reprinted with permission from the Institute
of Physics Publishing.
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FIGURE 8.5 Size distribution of 300-nm and 5-um beads in the original solution and in
the solution after filtering through the ion-track membrane with 0.5-um pores [228].
Reprinted with permission from the Institute of Physics Publishing.
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In another report, vegetal cells were guided by a curved channel and retained
against vertical pillars in a PDMS chip. An average of eight cells were successfully
trapped at 16 sites arranged in a star-like shape [833].

A muscle cell (freshly isolated mouse ventricular myocyte) was retained at
a 5-um constriction in a PDMS-glass chip. Extracellular potential recordings
were measured during the spontaneous contraction of the muscle cell. Experi-
ments were usually performed within 3 h after cell isolation in order to maintain
cell viability [270].

A heart muscle cell (rabbit cardiomyocyte) was aligned in a narrow
PDMS-glass microchannel. The muscle cell was electrically stimulated via a pair
of Au electrodes (~ 60 um apart) in contact with the cell. Intracellular Ca
measurement showed that the cell remained contracted for 60 min within the
restricted space. An electric field strength of 20 V/cm translates to 0.12 V, which
is lower than the electrolysis threshold of 0.8 V [834].

In one report, a mouse islet of Langerhans (consisting of 2000 cells) was
trapped at a tapered region (from 300 to 60 um) connecting two microfluidic
channels. Stimulation of the islet by 11 mM glucose was conducted on only one
side of the islet. It was found that this localized stimulation only caused Ca influx
on that side, rather than through the whole islet body [835].

8.1.2 WER-Type FILTERS

Slit-type filters have mostly been fabricated on Si or quartz because of the need
for high-aspect-ratio etching. Therefore, weir-type filters have been fabricated for
cell or particle retention. These filters have constrictions along the depth dimen-
sion, not along the lateral channel direction as in slit-type filters. For instance, a
barrier (or weir) with a gap of 0.1 um was fabricated on a Si wafer. After bonding
with Pyrex glass, the chip was used as a fluid filter (see Figure 8.6). The barrier
was along a V-shaped fluid channel where particle-laden fluid passed from the
entry to the exit ports, and the filtered fluid plasma passed over the barrier to a
side channel. A vertical wall (i.e., 90°) instead of the V-shaped wall (i.e., 55°)
would require a much higher pressure (1 atm) to overcome the surface tension
present in a 0.1-um gap [836]. Using this device, filtration of blood cells in whole
blood was achieved (see Figure 8.7) [836]. In another report, a similar device
was fabricated to retain microspheres [397].

A weir-type Si microfilter (3.5-um gap), which was covered by glass, was
fabricated to retain white blood cells (WBC) in whole blood. The cell-retention
performance was better than with the slit-type filter (7-um gap). Although the
slit-type filter can retain non-deformable latex microbeads, deformable objects
such as blood cells squeeze through the gaps [919].

Microbial cells were also trapped using a 1-2 pum weir gap in a Si—Pyrex
chip. This is because these cells (Cryptosporidium parvum and Giardia lamblia)
contain cell walls and are not easily crushed or squeezed through the weir gap
[837]. In addition, a 0.5-um gap was fabricated in a Si—glass chip for retention
of yeast cells. The gap was created by the patterned Au dots (0.5 wm high) [838].
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Lid

Barrier

Substrate

FIGURE 8.6 The cross section of a weir-type filter (not to scale). The channels in the
silicon substrate are anisotropically etched using EPW. This gives the characteristic V-
shaped grooves. This profile is critical to preventing surface tension lock. The barrier or
weir is etched in a different step from the channels and can be anywhere from 0.1 um to
a few micrometers from the lid. The lid is Pyrex glass and is attached to the substrate by
anodic bonding [836]. Reprinted with permission from Elsevier Science.

FIGURE 8.7 A reflected-light image of a chip in which whole blood, which appears dark,
enters from the top right and flows across the upper channel (100 um wide) to the left.
After filtration of blood cells, the plasma crosses the barrier and fills the region at the
bottom channel [836]. Reprinted with permission from Elsevier Science.

V-shaped grooves of 9-um top opening and 14.4-um length were fabricated
on a Si substrate. This was mechanically pressed to an optically flat Pyrex glass
plate for sealing. The V-shaped channels were used to study rheology (flow
dynamics) of white blood cells (WBC). Apparently, the cells, after activation by
a chemotactic peptide (formyl-methionyl-leucyl-phenylalanine, FMLP), showed
a greater resistance to channel passage [839].

A glass microchip in which a cell retention chamber was bound by two
barriers or weirs was constructed for cell retention (see Figure 8.8). Mouse
lymphocytes were introduced into the chamber and retained in the chamber by
the weirs, where the main flow of fluid passes over the weirs [1170].

Two weir-type cell traps were microfabricated in a glass chip to retain yeast
cells (see Figure 8.9). Figure 8.9A shows the sequences of how the cells enter the
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Cell

reservoir

T Flow
—_—

AN

FIGURE 8.8 (Top) Schematic diagram of the weir-based device for physical trapping of
cells. (Bottom) The cross section of the device showing how the cells are retained in the
chamber, with the fluid flowing over the two barriers [1170]. Reprinted with permission
from D.J. Harrison.

Barriers

" 500V

FIGURE 8.9 Retention of yeast cells in U-shaped microchambers consisting of weirs. (a)
A series of images indicating the transport, entry, and retention of yeast cells: (i) cell starts
to enter, (ii) cells are at the opening, (iii) cells enter completely, (iv) cells are retained. (b)
A zoom-out view of a (iii) showing the location of the two chambers in a large micro-
channel [138]. Reprinted with permission from The Royal Society of Chemistry.
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left and right cell traps. Figure 8.9b shows the locations of these cell traps in the
large channel. In Figure 8.9a, for the left cell trap, the cells curved upward where
the weir was vertically oriented. As for the right cell trap, in which the weir was
horizontally situated, the cells entered horizontally; see also the outlines of the
weirs in Figure 8.8b. However, owing to the limitations in isotropic wet etch of
glass, the cell traps were not fabricated small enough to retain just a single cell [138].

When the cell trap was microfabricated in PDMS, a small-sized cell trap
could be made. For instance, a single mammalian cell (Jurkat T cell, 15 pm) can
be trapped in the U-shaped structure (see Figure 8.10). Here, the main channel
and the cell dock are 20 um deep, while the drain channel (or weir) is 5 um
clearance. In the case of small U937 cells (10 um), sometimes two cells were
trapped together. The location of the cell dock was intentionally set at the point
of flow stagnation. Therefore, it was possible to stabilize the flow stream so that
a cell that lands in the dock became trapped. Using this method, ionomycin-
mediated [Ca?*]; flux (ringing or sustained elevation) in a trapped Jurkat cell has
been measured [368]. For U937 cell experiments, the PDMS channels were
typically incubated with BSA to prevent cell adhesion, and sulfinpyrazone (0.1
mM) was used to treat the cells to prevent Fluo-4 dye leakage. It is found that
[Ca?*]; flux occurs when the U937 cell is first treated with human IgG (primary
Ab) and then with goat anti-human IgG (secondary Ab). This [Ca?*]; flux is a
F.yR-mediated response, which can be altered by the expression level of these
receptors (for the constant region of IgG) on U937 cells. The expression level
can be varied when the cells were differentiated with IFN-y or dibutyryl cyclic
AMP during cell culture [368].

HL-60 cells have been docked along a parallel weir fabricated in a quartz
chip for cell immobilization. In contrast to a usual perpendicular (or axial) dam
structure, the cells docked along a parallel dam suffered less shear stress because
the main fluid flow was not reduced (see Figure 8.11) [840]. This design provided
a sideways flow to trap cells while allowing the main flow to go on, and so this
method did not result in cell squeezing or crushing as observed in an earlier study
(841). According to a mathematical model, an at least 40-fold increase in liquid
pressure occurred across the particles when immobilized at a perpendicular dam,
leading to a large stress. The threshold ATP concentration for Ca uptake (as
measured by intracellular Fluo-3) was estimated to be within a range of 0.16 +
0.02 uM. The same batch of docked cells (~ 80) was used to measure the response
to the ATP stimulus at four consecutive concentrations (0, 2, 5, and 10 puM).
Although the ATP-stimulated Ca uptake reaction was reversible, desensitization
of the calcium ion channel occurred after multiple ATP stimulations [840]. Other
dam structures that combine the advantages of perpendicular and parallel dams
have been proposed [165].

Mouse macrophage-like cells (J774.1) were retained by a weir (10 wm clear)
in a Pyrex chip. Upon stimulation by LPS, nitric oxide (NO) was released. NO
was detected by TLM using the following procedure. Dissolved O, first oxidized
NO to form NO, and then to NO;~ for detection was subsequently reduced to
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FIGURE 8.10 Chronological sequence of images of a viability assay on a single Jurkat
T cell. (a) Live cell perfused with trypan blue dye. Since the cell is alive, it is not stained.
(b) Cell perfused with methanol, which causes cell membrane permeabilization, followed
by cell death. (c) Permeabilized cell perfused with dye; it is rapidly (< 5 s) stained. The
entire assay is performed in less than 2 min [368]. Reprinted with permission from the
American Chemical Society.

NO, (by nitrate reductase), which reacted with Griess reagents to produce a
colored product to be detected by TLM [1077].

A single neuron-like PC12 cell was trapped in an etched glass (30 um deep)
pocket sealed against a PDMS channel layer (20 um). Quantal release of dopam-
ine (in transient exocytosis) from the cell as stimulated by nicotine was amper-
ometrically detected with a carbon fiber electrode. The cells flow into the channels
caused by the liquid pressure which was provided by a liquid height at the sample
reservoir (e.g., 0.5-2 mm). To facilitate transport of cells in the microchannels,
the cell density should not be higher than 10*/mL. Serious cell adhesion occurred
if the transport speed was low (as provided by liquid height below 0.5 mm),
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FIGURE 8.11 Docking and alignment on a microchip. (a) Fluorescence image of the
microchannels showing the alignment of mammalian HL-60 cells along the dam structures.
(b) Left: Photograph of a section of the dam with docked cells. A single layer of HL-60
cells was immobilized along the dam with good integrity. Right: live/dead cell staining of
a line of HL-60 cells docked at the dam structure for 20 min. Most of the cells were
stained by acridine orange (yellow), indicating that the cells were viable after docking.
Some cells were stained by ethidium bromide (red), indicating that these cells were dead
[840]. Reprinted with permission from the American Chemical Society.

whereas a speed of 0.55 m/s produced reasonable cell transport by a liquid height
difference of 2mm [134].

A single human lymphoblast (MOLT-3) was retained by a weir (5 um) in a
PDMS-glass chip. This cell channel was separated from another channel con-
taining SDS lysing solution by a gas bubble (introduced by a thermopneumatic
actuator). Removal of the gas bubble initiated the liquid mixing, and cell lysis
occurred [842].
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A 2D microwell array was used to trap CHO cells in a chamber containing
a weir. Flow control was achieved by pneumatic valving on a PDMS chip. Once
the cells were introduced into the chamber, its opening was sealed by valve closure
to retain the cells. To show a cell reaction, the cells were lysed by deionized
water [843].

In a cell manipulation experiment, a constriction together with two narrow
channels (~ 50 um) at the corner of a large channel were fabricated on a PDMS
chip (see Figure 8.12). This microfluidic method was devised to remove cumu-
lus cells from individual bovine cumulus—oocyte complexes before in vitro
fertilization. In natural fertilization, sperms release hyaluronidase that attack

Top view Side view
|

-

—

FIGURE 8.12 Pictures at the four main stages in the cumulus removal process in in vitro
fertilization. Insets show the schematics of the pictures. (a) Picture of the cumulus—oocyte
complex (CC) being reoriented as it passes through a constricted region. Insert shows a
cross section of reorientation of the cumulus cells around the CC (i) before, (ii) during,
and (iii) after the CC passes through the constricted region. (b) The CC is at the left
removal port. Inset shows top and side views of the cumulus being sucked into the removal
port. (c) The cumulus rotates as it moves from the left port to the bottom port. (d)
Remaining cumulus is removed at the bottom port, leaving a clean oocyte [1171]. Reprinted
with permission from Springer Science and Business Media.
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and remove the cumulus mass, and allowed the penetration of a sperm into the
oocyte (or ovum). The microfluidic operation sequence is illustrated as follows.
As shown in Figure 8.12a, the complex (~ 400 um dia.) was reoriented. In
Figure 8.12b,c, the small cells (~ 10 um) making up the cumulus easily entered
the removal port (~ 50 wm), whereas the oocyte (~ 100 m) was retained (see
Figure 8.12d) [1171].

In neurophysiology experiments, neural (brain) tissues (600 wm thick) were
adhered to an array of micropillars (instead of a nylon mesh) in a microchamber.
The micropillar (400-um-high SU-8) uphold the neural tissue and enhance the
exposure to oxygen and nutrients, i.e., four times faster perfusion exchange rate
as compared to the conventional perfusion chamber. Epileptiform activities (spon-
taneous single and multiple electrical spike bursts) in the CA3 region of a rat
hippocampal brain slice was observed. These activities which were stimulated
by zero-Mg?* in an oxygenated artificial cerebrospinal fluid (ACSF), which lasted
for more than 5 h [236].

Microbeads are shown to be retained by the weirs (dams) around the chambers
fabricated in a Si chip [844], a glass chip [639], or a PDMS chip [845,987]. For
instance, polystyrene beads have been retained in a microchannel consisting of
a weir (or shallow channel) of 10 um clearance (see Figure 8.13). The trapped
beads were used for immunosorbent assay of human secretory immunoglobulin
A (s-IgA) (~ 200 pg/ml in human saliva) [846]. Detection of colloidal gold, which
has been conjugated to anti-s-IgA (goat antiserum), was achieved by thermal lens
microscopy (TLM). Antigen—antibody reaction was completed in 10 min, which
was comparable to liquid-phase (homogeneous) immunoassay at room tempera-
ture. The total assay time was shortened from 24 h to less than 1 h [846]. A
similar strategy has also been used to detect the carcinoembryonic antigen (CEA)
(see section 10.1.2 in Chapter 10) [1021].

In another report, a weir-type filter constructed on a PDMS—glass chip, shown
in Figure 8.14, it was used to destack microbeads (or microbarcodes) for easy
observation. The suspension containing stacked microbeads (20 um thick) was
loaded in the center reservoir, (see Figure 8.14a, top). Upon spinning, the beads
moved outward due to centrifugal force and were retained in a single layer without
stacking on top of each other, (see Figure 8.14b, bottom) [1172].

Pump \ De\tect/ion 10 um f Drain

170 |

S hoopm

Polystyrene beads

FIGURE 8.13 Cross section of the fused silica glass microchip for immunosorbent assay
on the trapped polystyrene beads (4.5 um dia.) [846]. Reprinted with permission from the
American Chemical Society.
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FIGURE 8.14 A microbarcode/microbead sorting plate using a weir-type filter at the
sorting region. (Top) Loading of microbeads which were stacked together, in the center
of the sorting plate. (Bottom) After spinning, the microbeads were destacked and collected
at the perimeter [1172]. Reprinted with permission from the Royal Society of Chemistry.

8.1.3 CELL ADHESION

For adherent cells, the retention of cells for measurements is straightforward. For
instance, a microphysiometer was constructed to detect the change in cellular
acidity (due to lactate and CO, formation) of mammalian cells. The acidity was
measured using the light-addressable potentiometer sensor (LAPS) fabricated on
a Si chip (see Figure 8.15) [848].

adhesnt cells LAP§ actlve area

Lh glass coverslips L

f T _____ sllicon chip ¢ 1 R
flow In backslde ? LED / flow out
contact controlling
electrode

FIGURE 8.15 Cross section of the light-addressable potentiometer sensor (LAPS) chip
integrated with a flow channel for study of adherent cells [848]. Reprinted with permission
from the Institute of Electrical Engineers of Japan.
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Various types of adherent cells were grown on a coverslip, which was then
laid on top of the LAPS chip. Measurements were made for acidification of (1)
normal human epidermal keratinocytes stimulated by epidermal growth factor
(EGP) or organic chemicals, and of (2) human uterine sarcoma cells as a response
to doxorubicin and vincristine (chemotherapeutic drugs). In addition, the inhibi-
tion (by ribavirin) of the viral infection of murine fibroblastic L cells by vesicular
stomatitis virus (VSV) was investigated by following the acidification rate. A
limitation of these studies is the requirement for a low-buffered medium (low
bicarbonate content) to achieve maximum sensitivity [847].

In another report, adherent CHO-K1 cells, which expressed the m1-muscar-
inic acetylcholine receptors, were studied as a response to stimulation by the
agonist, carbachol. The cells were first grown on a coverslip, then sealed to a
LAPS chip with eight fluidic channels for measurement (see Figure 8.16)
[848,849].
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FIGURE 8.16 Three-dimensional view of the assembly of an eight-channel LAPS chip
with cover slip (with adherent cells), LEDs, and fluid connections [848]. Reprinted with
permission from the Institute of Electrical Engineers of Japan.
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Another adherent cell, such as rat basophilic leukemia cell (RBL-2H3), has
been studied in a PDMS reaction chamber [250,850]. The cell is a tumor analog
of rat mucosal mast cell. The RBL-2H3 cells were used by an antigen for study
of histamine release from the cellular acidic histamine granules. To measure
histamine, quinacrine (5 UM), a basic aminoacridine fluorescent dye, was first
loaded into the histamine granules by mass action. When stimulated by an antigen
(dinitrophenylated BSA), excoytosis of histamine occurred, and quinacrine was
released together with histamine, generating a fluorescent signal. For the cells to
respond to the antigen, they were first sensitized with monoclonal mouse IgE
antibody against the above antigen (0.25 pg/mL) [250].

In another report, the release of cytochrome ¢ from mitochondria to cytosol
in neuroblastoma—glioma hybrid cells was studied on a quartz chip. The released
cytochrome ¢ was measured by scanning thermal lens microscopy [851].

The channel of a PDMS chip was featured with human anti-os-integrin (HAI)
to study cell adhesion. The effect of a cell adhesion inhibitor, echistain (1-33
png/mL), which was a drug candidate, on the adhesion of bovine aortic endothelial
cells (BAEC) was studied. HAI was immobilized in a PDMS chip by the following
procedure. First, the PDMS chip surface was functionalized with pentafluorophe-
nol groups (from PPX-PPF). These groups were substituted by the amino-termi-
nated biotin ligands. Then streptavidin was used as a linker to conjugate both the
surface-immobilized biotin and the biotinylated HAI [262].

A cell adhesion study of platelets was also conducted in PDMS channels.
These channels have first been coated with fibrinogen, using precursor polyelec-
trolyte layers (PEI, PSS, PDDA) for platelets to adhere. The platelets were doubly
fluorescently labeled with FITC-tagged antibodies (anti-glycoproteins: GPIIb and
GPIlIa) and with acridine orange-tagged anti-CD41. It was found that the platelet
adhesion depended on the speed or shear rate of the liquid flow [852].

In one report, a single human erythrocyte was adhered in a glass chip for cell
lysis, and subsequent CE analysis of the released glutathione (GSH) was carried
out. This analysis was achieved after hydrodynamic cell loading, electrokinetic
cell docking, and electrical cell lysis (in 40 ms). A total of 14 cells were docked,
lysed, and analyzed for GSH consecutively. A value of 0.70 £ 0.3 mM of GSH
was determined in the human erythrocyte. Detection of GSH by fluorescence was
achieved after labeling. This was achieved by incubating the cells with the
hydrophobic NDA dye before cell loading in the chip [853].

To pattern adherent cells on surfaces a novel method, microcontact printing,
was developed by means of PDMS stamping. A glass slide was first patterned
with a contoured surface using a Au-coated polyurethane film with ridges and
grooves. Then two kinds of self-assembled monolayers (SAM) were created on
the contoured surface. For instance, the ridges or plateaus were patterned with a
methyl-terminated SAM (hexadecanethiol), and the grooves were patterned with
triethyleneglycol-terminated SAM. Therefore, the hydrophilic ridges allowed
fibronectin to adsorb, whereas the hydrophilic grooves resisted the protein. There-
after, bovine capillary endothelial cells (BCE), which attached only to the
fibronectin surfaces, were patterned along the ridges for cell apoptosis studies
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[372,854]. A similar approach was used to pattern NIH-3T3 murine embryonic
fibroblasts for live/dead cell assays [855].

In one report, cell growth of chicken embryo spinal cord neurons was studied.
These neuron cells have been deposited in a micromachined Si chip coated with
a synthetic additive protein (polylysine). It was found that groups of neurites
grew towards the channel (50 um wide) connecting between pits where the
neurons were deposited [856].

In another report, adherent cells were patterned within PDMS channels which
were coated with proteins, such as collagen (0.2 mg/mL) or fibronectin (10
mg/mL). The channels were sealed against various substrates, such as Cr, Au,
PDMS, PS, PMMA, or poly(methylpentene). It was found that fibroblasts (3T3-
J2) and rat hepatocytes adhere to all these surfaces. However, PDMS did not
adhere to other surfaces, such as UV-cured PU film (unless hydroxylated by O,
plasma), agarose [908].

Adherent cells have also been patterned using cell-adhesive and non-cell-
adhesive microdomains created on a glass coverslip. This coverslip was then
bonded with a PDMS channel layer for cell patterning [857]. For instance,
endothelia or astrocyte—neuron cocultures were plated only on the cell-adhesive
poly-L-lysine microdomains, but not on the non-adhesive agarose (1%) micro-
domains. Subsequently, calcium wave measurements were made to study calcium
signaling of cells in two modes: (1) within confluent cell microdomains, and (2)
across neighboring, but spatially disconnected, microdomains [857].

On the other hand, multiple laminar flow was used to pattern cells and their
environments in PDMS chips [858]. For instance, two cell types (chicken eryth-
rocyte and Escherichia coli) have been shown to deposit next to each other on
fibronectin-treated surfaces (see Figure 8.17). Moreover, cell detachment occurred
only to the cells (BCE) that was passed with a patterned stream containing
trypsin/EDTA [858].

By streaming different solutions inside a PDMS chip, selective labeling of
subpopulations of mitochondria in the left and right regions of the same live BCE
cell was achieved. This was conducted by flowing a solution of Mitotracker Green
FM over the right pole of the BCE cell, and another solution of Mitotracker Red
CM-H,XRos over the cell left pole. After 2.5 h, the two labeled subpopulations
could be seen moving and intermixing inside the cell [859]. Similarly, selective
disruption of actin filaments in selected cytoskeletal regions of the BCE cell was
achieved by treatment of latrunculin A [859].

Chick embryo heart muscle cells were patterned and grown on a fibronectin
(FN) surface patterned by PDMS stamping. The PBS solution (containing Ca**
and K*) was used to stimulate spontaneous muscle contraction [198]. Laminar
flows provide a reaction path (buffer plus 1-octanol) and a control patch (buffer
only) for study of communication between excitable cells (cardiomyocytes)
through gap junctions (see Figure 8.18) [198].

Further, drug transport through epithelial cells has been studied. For instance,
Madin-Darby canine kidney (MDCK) cells have been grown into tight mono-
layers on a permeable polycarbonate membrane. This membrane (0.4-Lm pores,
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FIGURE 8.17 Examples of types of patterns that can be formed by laminar flow patterning
in PDMS channels sealed to a polystyrene Petri dish. (a) Fluorescent images of two
different cell types patterned next to each other. A suspension of chicken erythrocytes was
placed at the top and bottom inlets, and PBS at the middle inlet, and was allowed to flow
by gravitational force for 5 min followed by a 3-min PBS wash; this flow formed the
pattern of bigger chicken cells (outer lanes). Next, a suspension of E. coli (RB 128) was
placed in the middle inlet and PBS in inlets 1 and 3 and was allowed to flow by gravitational
forces for 10 min followed by a 3-min PBS wash; this flow created the pattern of smaller
cells (middle lane). Both cell types adhered to the Petri dish by nonspecific adsorption.
Cells were visualized with Syto 9 (15 uM in PBS). (b) Phase-contrast image of patterned
detachment of BCE cells by treatment with trypsin/EDTA. Cells were allowed to adhere
and spread in a fibronectin-treated capillary network for 6 h and any non-adherent cells
removed by washing. Trypsin/EDTA and media were allowed to flow from the designated
inlet for 12 min [858]. Reprinted with permission from the National Academy of Sciences.

1-4 mm? area) was glued in between two micromachined silicon or glass wafers
[860]. The glue (about 1 um thick) was applied using a paraffin foil and a rolling
procedure to ensure that there was no blocking of the membrane nanopores by
excess glue, but there was sufficient glue for bonding [860].

8.1.4 POLYMER ENTRAPMENT

Another method to retain cells is to trap the cells inside a polymer matrix. For
instance, mammalian cells were entrapped in PEG-based hydrogel fabricated in
glass-Si chips (see Figure 8.19). The cells included murine 3T3 fibroblasts and
SV-40- transformed murine cells (i.e., hepatocytes, macrophages). A cell adhesion
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FIGURE 8.18 (a) Phase contrast micrograph of cardiac myocytes patterned in the acrylic
channel. Time courses of fluorescence of cytosolic Ca?* measured at points 1 and 2 denoted
in the micrograph: (b) when all myocytes were placed in laminar flows of the buffer, (c)
2 min after localized delivery of 100-uM octanol only to the upper part of the image (point
1) [198]. Reprinted with permission from the Royal Society of Chemistry.

peptide (Gly-Arg-Gly-Asp-Ser) was grafted into the hydrogel matrix in order to
promote spreading and growth of fibroblasts [861].

Escherichia coli cells (BL21) were entrapped in hydrogel micropatches. The
cells were found to remain viable in the patches. Furthermore, diffusion of small
molecules through the polymer (with 1-10 nm pores) to the cells allows cell
reactions to be studied. For example, the fluorescent dye BCECF-AM diffused
to the cells and the dye was converted to BCECF by intracellular enzymes present
only in live cells [1053].

A layer-by-layer microfluidics technology was used to construct a 3D micro-
scale hierarchical tissue-like structure. For instance, three layers of tissues, fibro-
blasts (human lung), myocytes (smooth muscle cells), and endothelial cells
(human umbilical vein) were cultured on top of each other using consecutive
microchannel cell matrix delivery. Cell viability was confirmed by fluorescent
staining [862].
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FIGURE 8.19 Array of hydrogel microstructures encapsulating two kinds of cells: (a)
microchannels filled with fibroblasts and hepatocytes; (b) hydrogel microstructures con-
taining both cells. (top) bright-field image, (middle) green fluorescence due to fibroblasts,
(bottom) blue fluorescence due to hepatocytes [861]. Reprinted with permission from the
American Chemical Society.

Microwells defined in agarose were used to culture nerve cells. The dendrite
growth of the nerve cells was studied in narrow tunnel-shaped channels in agarose.
The tunnels were fabricated by photo-thermal etching the agarose [863].

8.1.5 THRee-DIMENsSIONAL FLow CoONTROL

A 3D liquid flow has been exploited to retain single biological cells for long-
term real-time study in a glass chip. With the use of a special microstructure, a
zero-speed point (ZSP) can be established as shown in Figure 8.20. The liquid
flow in the 2D-plane of the channel dimension is shown in Figure 8.20A-F. The
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FIGURE 8.20 Three-dimensional flow control for cell retention. (a) The two-dimensional
channel flow field was created by the flow from the middle channel. There was a zero-
speed point (ZSP) where the flow speed decreased to near zero. When there was no flow
between left and right, the ZSP was in the middle. The third-dimensional flow field was
along the arc slope as shown in the cross-section diagram in the inset. (b—e) As the fluid
potential from the left increased, the shape of the flow field changed and the ZSP moved
to the left. (f) The flow field as driven by the fluid potential from the left was shown when
there was no reagent flow from the middle channel. (g) The third-dimensional flow field
caused the cell to be balanced on the arc slope. The balance was between the upward force
exerted by the liquid flow (f), downward gravitational force (g), and reaction force from
the sloping wall (P). (h—j) The position of the cell changed as the reagent flow from the
middle channel became increasingly strong. (k) The position of the cell was shown when
there was no flow [680]. Reprinted with permission from the American Chemical Society.

liquid flow along the depth dimension is shown in Figure 8.20h-k. The force
balance that is critical for cell retention is shown in Figure 8.20g. Manipulation
of the ZSP by the 3D liquid flow control has been employed for scanning the
cell around a detection window. By scanning the cell (yeast cell) around a
detection window, both the cellular fluorescent signal and background can be
detected as a series of peaks, as shown in Figure 8.21a. In this way, a weak
cellular signal can be easily discerned (see Figure 8.21b). Moreover, different
regions of a cell (mother and daughter) can be distinguished when the detection
window is smaller than the cell size (see Figure 8.21c). The detection of back-
ground is particularly important in multiple-stimuli studies, as shown in Figure
8.22. For instance, it can be confirmed that fluorescent change is due to cellular
change, but not fluorescent background change. The different background signals
from different solutions also indicated the success in reagent changes, and changes
in excitation light conditions (see Figure 8.22b). After background subtraction,
data interpretations become easier; see Figure 8.22c for the corrected peaks and
Figure 8.22d for the peak envelopes [680].

With cell retention accomplished by 3D flow control, calcium mobilization
in a single yeast cell has been studied over a long period of time, and in the
manner of multiple stimuli and multiple responses. Loading of the Ca?*- sensitive
dye Fluo-4 in the cell was accomplished either (1) after cell wall removal or (2)
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FIGURE 8.21 Cell scanning and noise filtering. (a) A fluorescent yeast cell going through
the detection window back and forth generated peaks over the background. (b) The peak
signal became clearer after filtering the noise (> 2.5 Hz). (c) The use of a narrower detection
window on another yeast cell could distinguish the mother yeast cell from its daughter
yeast cell by showing the peak and the shoulder, respectively [680]. Reprinted with
permission from the American Chemical Society.

without cell wall removal, but with a high dye concentration. It was discovered
that great Ca changes in response to glucose or pH change only occurred in
deprived cells that were either dormant cells directly obtained from solid agar
culture plates or cultured cells after a no-glucose treatment. Metabolism of a
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FIGURE 8.22 Background correction applied to an experiment with a yeast cell. (a) Raw
data showing peaks due to cell fluorescence plus background. (b) Background baseline
extracted from (a). (c) Cell fluorescence peaks after background subtraction. (d) Peak
envelope of all fluorescence peaks. Two reagent scales showed the medium types and the
fluorescein diacetate (FDA) concentrations. In addition, one excitation light scale showed
when the excitation light was shut off or turned on [680]. Reprinted with permission from
the American Chemical Society.

model substrate, FDA, which produces fluorescein, has also been studied on a
single yeast cell. Again, a high metabolic rate was associated with deprived cells.
In addition, efflux of the fluorescent metabolite was observed because the pres-
ence of the liquid flow helped remove the excreted fluorescein. Using a refined
kinetic model, the whole process was modeled (see Figure 8.23). The detailed
study of these biochemical processes (metabolism and excretion) was rendered
possible, thanks to the success in the retention of the single cell in a continuous
flow system [864].

Bidirectional liquid flow in a Pyrex chip was created by the opposing electro-
osmotic flow (EOF) and pressure-driven flow (PF) [479,865]. This can lead to the
generation of a controlled recirculating flow or vortex, as shown in Figure 8.24.
Small polymer beads can be trapped to give the controlled rotating flow patterns
depending on whether it is a diverging channel or converging channel. The section
between the first and second diverging channel is called the trapping channel. This
channel was employed for the study of the binding of the trapped streptavidin-
coated beads (0.4—4 um) with a flowing stream of fluorescent-labeled biotin [479].
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FIGURE 8.23 Experiments and mathematical modeling for FDA metabolism in a single
cell. (I) There are three cellular processes, namely influx, hydrolysis, and efflux. The yeast
cell exerts control over the influx of FDA (S), hydrolysis of FDA (N), to form fluorescein
(C) and efflux of fluorescein in response to the stimuli of pH and glucose. (II) Intracellular
concentrations of FDA (B) and fluorescein (C). Only C was experimentally measured. T,
T,, and T, represent the time(s) when buffer change, peak increase, and peak decrease
occurred, respectively. (III) Curve fitting: in the graph, stripes represent the measured
amount of fluorescein; dotted and solid lines represent the modeled amount of intracellular
FDA and fluorescein, respectively, which were calibrated with a fluorescent bead of known
intensity. (RFI: relative fluorescent intensity in which 1% represents the fluorescence
resulting from full hydrolysis products from 6 x 10-'° mol of FDA) [864]. Reprinted with
permission from the American Chemical Society.

In another report, microparticles and biological cells were trapped in micro-
vortices produced in the microchambers constructed in a PDMS chip. Figure 8.25
shows different designs of the microchambers, in which only Figures 8.25¢ and
8.25d produced stable microvortices. Rotational motion of either particles (10
pm) or cells (B lymphocytes) was studied in these microvortices [1173].

8.1.6 OrticaL TrRAPPING OF CELLS

Optical traps have also been used to retain cells [176,866—868,1174]. For instance,
manipulation of polystyrene beads by optical gradient force (attractive) and scat-
tering force (repulsive) was achieved in a PDMS chip (see Figure 8.26). A
polystyrene bead was first retained by an optical trap. Then the bead was moved
and released so that it flowed to a desired channel downstream [1174].

In one report, the optical gradient field (A = 808 nm) was used to interact
with cells and beads and to measure the resultant time-of-flight. This method
(known as optophoresis) has successfully differentiated between cancerous versus
non-cancerous cells (breast cancerous melanoma) [867].
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FIGURE 8.24 (a) (Left) Schematic diagram of the velocity profiles of EOF and PF in a
microchannel of a Pyrex chip. (right) These two flows can be combined to give rise to a
bidirectional flow. (b) Top schematic view of the microfluidic vortex device with stream-
lines shown. In the large channels, the flow streamlines follow the EOF. In the small
channels, the flow streamlines follow the PF. EOF and PF conditions are such that net
flow rate is close to zero. A pair of symmetrical vortices is generated at each end of the
trapping channel, and flow recirculates between the diverging and converging channel
elements through this channel. 6., opening angle of the converging channel element; 0,
opening angle of the diverging channel element; A, cross-sectional area of the narrow
trapping channel; A,, cross-sectional area of the wide channel segment after the diverging
channel element [479]. Reprinted with permission from the Royal Society of Chemistry.

Single E. coli cells were isolated and retained using an optical trap (by the
use of the Nd:YAG laser). Four daughter cells (divided from a single E. coli cell)
were isolated and transported into each of their microchambers in a glass chip
(see Figure 8.27). Cell growth for 12 generations was conducted in these micro-
chambers. The cell length, interdivision time (cell cycle), and growth speed were
measured with this method, called single-cell-based differential cell assay. It was
found in one case that the cell length of a daughter cell became extraordinarily
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FIGURE 8.25 Generation of microvortices in microfluidic systems to study rotation of
particles. Recirculation flows occur under a wide range of conditions and channel geom-
etries, including (a) sharp corners, (b) circular cavities that we call “rotors”, (c) side
chambers, and (d) interconnect chambers. For rotation of microparticles, vortices with
stable centers are required. This can only be achieved in the geometries shown in (c) and
(d), but not in (a) and (b). In (c), the upper inset is a fluorescence micrograph that shows
the flow profile inside the diamond-shaped cavity as traced by 1 wm in diameter fluorescent
beads. Although the straight channel flow velocity is high, the recirculation flow velocity
around the bead is low. (d) By placing two microchambers adjacent to each other, counter-
rotating flows that we call “fluidic gears” can be created (counterclockwise in lower
diamond and clockwise in the upper diamond). (&) Center of rotation of lower diamond.
(m) Center of rotation of upper diamond. The Re at the opening of each microchamber
was (a) 75, (B) 285, (c) 30, and (d) 40. Scale bars: (a) and (c) 30 um; (b) and (d) 60 pm
[1173]. Reprinted with permission from the American Chemical Society.

long (14 um), suggesting a possible change in phenotype. However, the cell
recovered subsequently to provide a daughter cell of the usual cell length (6 pm).
This alteration in phenotype during cell division would have been missed in batch
cell experiments, but in the single-cell experiment, such an observation may reveal
new information [176].

Optical trap or tweezers were used to select single suspension cells (acute
myeloid leukemia, AML) in a PET film-sealed PMMA chip. The use of the thin
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FIGURE 8.26 Images demonstrating the optical gradient force used for flow switching.
(a) Microspheres flow in to the downstream channel from a reservoir at the top. The
microspheres are first captured by the optical trap. (The dotted circle indicates the position
of the optical trap) (b) The microsphere is directed manually to either left or right. (c)
After releasing the optical trap, the microsphere is allowed to follow the fluid stream
towards either left or right. The laser source was an 850-nm vertical cavity surface-emitting
laser (VCSEL). To create sufficient output power and trapping strength, the laser spatial
mode should be changed to the Laguerre mode (or “donut-shaped” mode) [1174].
Reprinted with permission from Springer Science and Business Media.

PET film (35 pm) was necessary in order to allow the use of a high-magnification
microscopic objective needed for optical trapping. This cell selection usually took
about 5 min. Subsequent cell lysis and CE separation of the cell contents were
carried out [197].

In one report, the optical tweezers were used to hold a bend in order to stretch
a DNA molecule. First, a DNA molecule (ADNA) was biotin-congugated so that
it could be attached to a streptavidin-coated polystyrene bead. The bead was held
by optical tweezers inside a PDMS chip. The other end of the DNA was labeled
with digoxigenin to be immobilized on the channel coated with anti-digoxigenin
antibody. The DNA was stretched by moving the chip, with the bead being held
by the optical tweezers [868].
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FIGURE 8.27 Observation of growth of E. coli cells in a microchamber fabricated on a
glass chip consisting of SU-8 structures (5 wm high). Center: micrograph of the micro-
chamber. Insets a-d: micrographs of four E. coli cells growing in individual chambers, as
taken at 347 min after cultivation started [176]. Reprinted with permission from Elsevier
Science.

8.1.7 DieLecTtroOPHORESIS (DEP)

Dielectrophoresis refers to the force acting on induced polarizations or charge
dipoles (e.g., in a particle or cell) in a non-uniform electric field of low voltage
(1-3 V). The non-uniform electric field or AC (1-20 MHz) is produced by
embedded (1-20 MHz) electrodes. Usually, in highly conductive aqueous media,
the cells will be less polarizable than the media at all frequencies. In this case,
negative DEP force was developed in which the particles moved toward the field
minima. This force has been employed to trap and sort latex beads (of diameter
3.4-15 um) and live mammalian cells (mouse 1.929) (see Figure 8.28) [869, 870].
Due to the high permittivity of water, polymer particles and living cells also show
negative DEP at high-field (0.5 MV/m) and high frequencies (1 MHz). The DEP
force, which is about 0.2—-15 pN for latex spheres (diameter 3.4—15 wm), is
sufficient to hold particles at a flow rate up to 10 mm/s [869].

Some heat can be generated in this operation, but it can be reduced in the
microscale. In addition, the use of a high-frequency (> 100 kHz) AC field: (1)
eliminates any electrophoretic movement of the cell due to its charged membrane,
(2) eliminates the electrochemical reactions (bubble formation or electrode cor-
rosion), and (3) minimizes the alternating voltage imposed upon the resting
(static) transmembrane voltage (at 3 V and 20 MHz, the alternating voltage was
12 mV which was 20 times less than the value at DC) [871].

DEP has been employed to trap or manipulate cells such as HL-60 [871],
Jurkat cells [872], mouse fibroblast (3T3 cells) [873], and rabbit heart cells [234].

In one report, DEP was used for the separation of biological warfare bacterial
simulants in a laminated device (five layers including polyimide). For instance,
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FIGURE 8.28 Latex particles (15-um), have been confined from a particle jet from the
left by DEP. The high field was provided by 10 V (1 MHz) across a 20-pum electrode gap,
or 0.5 MV/m [869]. Reprinted with permission from the American Chemical Society.

Bacillus cereus, E. coli, and Listeria monocytogenes were separated from human
blood cells. All separations were run with an AC voltage (10 Vpp at 10 kHz).
Bacteria are collected at the electric field maxima by positive DEP forces and
blood cells (RBC and WBC) are collected at field minima by negative DEP forces.
By applying a suitable fluid flow, the blood cells are swept away, but the bacterial
cells are retained [874]. In another report, spores of Bacillus globigii were trapped
on a DEP chip [486].

To achieve DEP over a large region, a large-area traveling wave DEP was
developed. This was conducted on a glass chip consisting of 1000 electrodes. In
the DEP separation of rabbit blood cells, it was observed that rabbit erythrocytes
traveled faster than leukocytes [266].

So far, DEP work has been conducted using planar quadrupoles. However,
they are inadequate to trap the cells against a greater fluid flow velocity (e.g., 12
UL/min), which results in a greater drag force (~ 50 pN). So a series of four 50-
um-high cylindrical Au electrodes were fabricated to trap the cells (see Figure
8.29). These electrodes could confine particles over 100 times more strongly than
planar quadrupole electrodes. Luminescent dynamics of a surrogate assay was
conducted in the trapped HL-60 cells [871]. A similar DEP method was also used
to study the uptake and cleavage of calcein-AM in a trapped Jurkat cell [872].

The non-uniform field needed for DEP has so far been provided directly
by numerous embedded electrodes. In one report, a single DC electric field was
provided across a channel, but it was provided to the channel consisting of an
array of insulating posts. Such an arrangement resulted in a spatially non-
uniform electric field around the posts needed for DEP. Figure 8.30 shows how
the fluorescent beads undergo streaming DEP. This mode occurred when the
DEP force could not overcome the force caused by the EK flow, but it could
overcome diffusion. For comparison, there is no DEP trapping when EK flow
>> DEP or diffusion, and there is DEP trapping when DEP >> EK flow and
diffusion [321].
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FIGURE 8.29 A DEP chip consisting of non-planar cylindrical electrodes. (a) Schematic
representation showing single cells loaded onto the cell-array chip. The dynamic lumines-
cence information was obtained from the entire array in which the data of three cells in
row 55 and in column 55, 45, 46, and 47 are shown. The information is used to sort
individual cells by the control system into the fraction collectors. Scale bar is 20 wm. (b)
Pseudocolored scanning electron micrograph (SEM) showing a single trap consisting of
four electroplated gold electrodes arranged trapezoidally along with the substrate inter-
connects. (c) SEM of a completed 1 x 8 array of DEP traps. Scale bar: 100 um [871].
Reprinted with permission from the American Chemical Society.
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DEP trapping of nanoparticles (100 nm) is more difficult than that of larger
microparticles. The greater electric field gradient needed for successful trapping
of smaller-sized nanoparticles can only be achieved by smaller-sized electrodes.
Unfortunately, Joule heating and hydrodynamic effect become more of concerns
when a higher field is used. To increase the DEP force, a higher proportion of
voltage drop should be achieved in the bulk solution, rather than in the electric
double layer. This situation can be achieved at a higher frequency [875].

Other than cells and particles, DEP has also been used to trap DNA molecules.
In one report, DEP trapping of Escherichia coli chromosomal DNA (chromatin)
that follows cell lysis was carried out on a PDMS chip [687]. In another report,
DEP (1 MHz) was used to stretch ADNA molecules (48 kbp) [323]. There are
other reports on DEP work [866].
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FIGURE 8.30 Fluorescence image of DEP achieved on a microchip. Streaming dielec-
trophoresis of 200-nm fluorescent latex spheres (white) is shown. The glass microchannel
is 7 um deep and consists of an array of 36-pum-square posts (the black diamonds) with
63-pum spacing between centers. The DC electric field (80 V/mm) was applied over the
two ends of the microchannel. The resulting electroosmotic flows are from top to bottom.
The black lines indicate the streamlines predicted using simulations. The bright spots at
the left and right tips of the posts are regions of trapping dielectrophoresis [321]. Reprinted
with permission from the American Chemical Society.

8.2 STUDIES OF CELLS IN A FLOW

Sometimes, cellular analysis was performed with cells in a flow stream, which
is also termed flow cytometry or FACS in the field of cell biology. For instance,
human blood cell (WBC, RBC) rheology was studied in channels fabricated on
the Si—Pyrex substrates. The channels were either uncoated or coated with albu-
min [825].

Mouse sperm cells were allowed to swim through a meander channel in a
glass chip (Pyrex or soda lime glass) to fertilize an egg for in vitro fertilization
(IVF) [876]. Later, sperm studies were carried out in PMMA chips [877].

In another report, a PDMS chip was constructed with a main flow channel
for sorting of motile human sperms (~ 60 um in length). A side channel allowed
motile sperms (moving at 20 um/s at 25°C) to divert from the main liquid flow
and to be collected at the side channel. In contrast, non-motile sperm diffused
slowly (D = 1.5 x 10713 m%s), i.e., they diffused for 10 wm in 690 s [878].

Yeast cells (Saccharomyces cerevisiae) were mobilized in a microfluidic glass
chip using electrokinetic (EK) flow (see Figure 8.31) [879]. In addition, erythro-
cytes were lysed using a detergent (e.g. 3 mM SDS), then light scattering and
video imaging were used to monitor the lysing reaction [879,880]. However, the
use of EK flow to manipulate lymphocytes in microchannels may inactivate the
cells. This problem, which may be caused by the pH change occurring at the cell
reservoir, can be alleviated by introducing a salt bridge between the cell reservoir
and the electrode [350].
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FIGURE 8.31 Photomicrographs showing yeast cell transport in a glass chip. White
arrows show the direction of buffer flow. The scale bar is 40 pm. (a) Cell loading vertically
downwards. (b) Cell selection to the right [879]. Reprinted with permission from the
American Chemical Society.

The flow of leukocytes was studied in square capillaries fabricated on a Si
chip, and sealed with a PDMS or Pyrex cover plate. This capillary size (cross
section of 4 um?) is similar to the diameter of a human blood capillary, but is
less than both the average diameter of a leukocyte cell (10 wm) and its nucleus
(6 um). Figure 8.32 shows the difference in the flow behavior of two leukocytes
(possibly neutrophils) [1175]. Deformation-induced release of ATP from eryth-
rocytes in PDMS channels was studied. The released ATP was detected by
chemiluminescence using the luciferin/luciferase system [169].

Rheology of human erythrocytes has been studied in a Si—Pyrex chip (3.2 um
deep, 3.5um wide, and 10 wm long). The chip was fabricated with a series of eight
microchannels using a pressure of 3mm of water (see Figure 8.33). The cells were
revealed by optical absorption (at 400 nm) due to intracellular hemoglobulin. The
mean erthyrocyte flow velocities of normal cells at 37°C were measured and plotted
against their cell length (see Figure 8.34). The artifact-impaired transits, were
caused by partial obstruction or platelet adhesion. Therefore, the impaired transits
which showed lower velocity than, and were clearly distinguished from, clear
transits. The plot of velocities of abnormal erthyrocytes, which were obtained from
iron-deficiency anemia sufferers, is shown in Figure 8.35. Both plots clearly showed
the difference in the flow behaviors between the normal and abnormal cells [304].
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10 MICRONS

FIGURE 8.32 (a) A bright field epi-fluorescence image of two polymorphonuclear white
cells (probably neutrophils). (b) The same cells shown in (a) imaged via the Hoechst stain.
Note the differences in conformation between the two nuclei. The cell on the top is stuck
at the entrance to a channel, and the cell at the bottom is being deformed into a channel.
The channels are coated with polyurethane to reduce cell adhesion and to enhance white
cell penetration [1175]. Reprinted with permission from Springer Science and Business
Media.

FIGURE 8.33 Erythrocytes flowing through microchannels with background subtraction
applied to the images. Single, double, and triple transits are observed in some of the
microchannels [304]. Reprinted with permission from IEEE.

Rolling of cells (neutrophils) initiated by cell adhesion was studied in a Y-
channel. Inhibition by various anti-cell-adhesion molecules (anti-E-selectin, anti-
P-selectin, sialyl Lewis X, Furoidan) was studied. Comparison can easily be made
for cells with rolling and without rolling (control) in the two arms of the Y-channel
[881].

Jurkat cells have been lysed in a flow stream in a glass microchip for cell
content analysis. After cell lysis, the two preloaded fluorescent dyes and their
metabolites were released from the cells and separated by CE (see Figure 8.36).
To prevent cell adhesion, the glass channel surface was modified by adsorbing
Pluronic F-127 to the channels. In addition, to avoid blockage of adhered cell
debris and to improve migration time stability, an emulsification agent, such as
Pluronic P84, was added to the separation buffer [1176].
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FIGURE 8.34 Scatterplot of mean velocity vs cell length of normal erythrocytes [304].
Reprinted with permission from IEEE.
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FIGURE 8.35 Scatterplot of mean velocity vs cell length of abnormal erthrocytes [304].
Reprinted with permission from IEEE.

Flow cytometry of E. coli has been demonstrated on a glass chip. Electroki-
netic focusing was used to confine the cells. Cell counting rates of 30-85 Hz
were achieved. The membrane-permeable nucleic acid stain (Syto 15, 4, = 546
nm) and membrane-impermeable nucleic acid stain (propidium iodide, PL, A,, =
617 nm) were used to detect viable and non-viable cells, respectively [882,883].
The fluorescein-labeled (A,,, = 520 nm) polyclonal antibody to E. coli was also
used. Light-scattering (forward) was used to provide information about the cell
size (of length 0.7-1.5 um) of E. coli. Besides using a PDMA surface coating,
BSA (1 mg/mL) was used to coat the channel to prevent cell adhesion and cell
clumping [882].

Another flow cytometry study involved the measurement of capacitance
changes due to varied amounts of polarizable cellular DNA [884].
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FIGURE 8.36 (a) CE separation of fluorescent dyes released from individual cells. The
separation is a 40-s segment of a 2-min run. The peak envelopes resulting from eight cells
are shown and are denoted by the thick black horizontal lines and labeled 1-8. (b)
Expanded view showing the peak envelopes from two cells (cells 1 and 2). The dyes to
which the peaks are attributed are indicated by the peak tags (OG, Oregon green; CF,
carboxyfluorescein). Cell lysis and subsequent dye separation were achieved by applying
an AC field (Vpp of 450 V/cm and 50% duty cycle) with a DC offset (675 V/cm). The
DC offset was used to maintain separation, and the AC field was used to avoid undesirable
gas bubble formation [1176]. Reprinted with permission from the American Chemical
Society.
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On the other hand, electrical impedance measurement of bacterial suspensions
(Listeria innocua) was carried out on a Si—glass chip. This method was used to
perform a cell viability test. This is because the metabolic products produced
from viable cells modify the ionic strength of a low-conductivity medium, sig-
nificantly altering its electrical characteristics. Later work also involved the detec-
tion of the presence of small numbers of bacterial cells in a Si chip: 100 L.
innocua cells, 200 L. monocytogenes cells, and 40 E. coli cells [93,885]. In
another report, impedance spectroscopy has been used for analysis of erythrocytes
in a glass—polyimide chip [886].

A flow cytometer with integrated waveguides and lens was fabricated on a
PDMS chip. Forward scattering (0.5-5°), large angle scattering (15-150°), and
extinction were simultaneously measured. These measurements provided the
information about the size and surface roughness of the particles to be studied
[887]. Another flow cytometer was made on a SU-8—glass chip, and it has been
incorporated with the LED source (InGaN), microprism, holographic diffraction
grating, avalanche photodiode detector, and fiber optics (transmission and col-
lection) for the study of beads [888].

Flow cytometry of fluorescent (0.972-um dia.) and non-fluorescent (1.94-um
dia.) latex beads was achieved on a glass chip using dual-channel laser light scattering
and fluorescent measurements [889]. A maximum sample throughout of 34 particles
was obtained using pinched injection which was akin to the use of electrokinetic
focusing (cf. hydrodynamic focusing used in conventional flow cytometry) [889].

An integrated microfabricated cell sorter has been constructed using a control
layer and a fluidic layer fabricated on PDMS [890]. The control layer consists
of valves that will be pneumatically controlled by pressurized N,. This device is
superior to an electrokinetic sorter, which suffers from buffer incompatibilities
and frequent voltage adjustments because of ion depletion or pressure imbalance
due to evaporation. E. coli cells expressing EGFP were sorted and selected out
from a cell mixture which also contained E. coli cells expressing the p-nitrobenzyl
(PNB) esterase. About 480,000 cells have been sorted at a rate of 44 cells/s in 3
h. The recovery yield was 40% and the enrichment ratio was about 83-fold [890].

A PDMS-glass chip was used to hydrodynamically focus fluorescent beads
to flow as a narrow stream (see Figure 8.37). The beads can also be electroki-
netically sorted by applying a deflecting voltage (20-30 V/cm) via the two side
channels. The narrowly focusing stream matched the size of the confocal volume
located at a downstream position. The chip was employed to show the binding
reaction between R-phycoerythrin (a fluorescent protein extracted from red algae)
and a short peptide sequence (expressed on E. coli cells, BMH 71-18) [161].

A two-phase air-liquid flow was developed on a PDMS chip (see also Chapter
3, section 3.1.2). It was found that the focused two-phase flow was stable in
hydrophobic channels (down to 6 mL/h); see Figure 8.38. Below this flow rate,
the sample column no longer maintained its integrity and broke up. This method
was used to provide aerodynamic focusing of myoblast cells (C,C,,) for the flow
cytometry study. The cells, which were labeled with Syto 9, was focused and
counted in the chip at a rate of 100 cells/s [382].



286 Microfluidic Lab-on-a-chip for Chemical/Biological Analysis and Discovery

FIGURE 8.37 Hydrodynamic focusing and sorting of a highly concentrated suspension
of fluorescent beads. After hydrodynamic focusing, the beads entered both output channels
with equal probability (left image). By activation of a perpendicular electroosmotic flow,
the suspension could be deflected into one desired output channel, depending on the
polarity of the electrodes (middle and right images) [161]. Reprinted with permission from
the American Chemical Society.
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FIGURE 8.38 (Top) Stable aerodynamic focusing in the sample focusing chamber. (Bot-
tom) Stably maintained air—water two-phase stratified flow in the observation channel.
Left inset shows the location of the sample focusing chamber and observation channel on
the microchip. The left, middle, and right images depict the flow behaviors at the flow
rates of 20, 10, and 6 mL/h, respectively. It is observed that as the flow injection rate of
the syringe pump is lowered, the width of the water column decreases [382]. Reprinted
with permission from Springer Science and Business Media.

Another configuration for hydrodynamic focusing is to create a non-axial
sheath flow, as shown in Figure 8.39. The sheath inlet resembles the one used in
usual microchip focusing experiments. The non-axial sheath flows are supplied
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FIGURE 8.39 A flow cell constructed for non-coaxial shealth flow. The additional vertical
position inlet of this flow cell allows positioning of the sample flow in the center of the
channel. The horizontal control ports are used to position the sample flow with a horizontal
shift. The perspective view, top view, and two cross-section views are shown [891].
Reprinted with permission from the Royal Society of Chemistry.

from the sheath inlet and the vertical-positioning inlet. Additional controls of the
position and width of the sample flow are created from the two horizontal control
ports [891]. A similar approach, termed the smoke chimney principle, was
reported. This is a pressure- driven micro-cell sorter which was constructed on
a Si—glass chip. It has been shown that fluorescent latex beads were enriched
100-fold from a mixture containing chicken RBC. The sample throughout was
12,000 cells/s, which was comparable to the conventional FACS sorter. The high
throughput resulted from hydrodynamic focusing on four sides (i.e., both top/bot-
tom and left/right). This top/bottom focusing allowed the use of the channel depth
of 50-200 wm and the flow rate up to 0.11 pL/s [838].

Other methods have been developed for fractionation of cells or particles.
For instance, in an electrical field-flow fractionation chip, particles with higher
charge density pack closer to the oppositely charged wall, as compared to particles
with lower charge density. Therefore, less tightly packed low-charge particles
will have higher average velocities [892].

Isoelectric focusing (IEF), which is usually employed for protein separation,
has been used to separate mitochondria and nuclei from lysate of NR6wt cells
(murine fibroblast) on a Pyrex chip [893].

Flow study has been achieved in a thermal field-flow fractionation chip. In
this method, the temperature gradient is at a right angle to the fluid flow. Higher-
MW particles are compacted more tightly against the cold channel wall, as
compared to lower- MW particles. Therefore, the less compacted low-MW
particles will have higher average flow velocities. Fractionation of 154-nm and



288 Microfluidic Lab-on-a-chip for Chemical/Biological Analysis and Discovery

394-nm polystyrene particles in toluene was achieved in a 50-um-high micro-
channel over a temperature difference of 30°C [894].

A different diffusion rates of particles along a laminar flow boundary in a
Si—Pyrex chip has been employed for fractionation. With this method, fluorescein
and polystyrene beads (0.5 um diameter) were separated from each other [90].

A magnetic cell separator was constructed on a Si wafer to separate cells that
were labeled with paramagnetic beads (FeO nanocrystals 50 nm) from unlabeled
ones. The magnetic force was generated from thin magnetized wires (10 pm
wide, 0.2 um thick) formed by depositing a cobalt—chrome—tantalum alloy in
pre-etched 0.2-um-deep trenches. These wires were parallel and were oriented
at 45° to the hydrodynamic flow direction of cells [278].

In another report, arrays of nickel posts (~ 7 wm high, ~ 15 um diameter)
were fabricated in a PDMS-Si chip. Once magnetized by a magnetic field, these
posts can efficiently trap paramagnetic beads [895].

Magnetic beads (50 nm) were used in a PC chip to fractionate E. coli cells
(K12) from sheep blood cells. A biotinylated rabbit polyclonal anti-E. coli anti-
body was first attached to the magnetic beads coated with streptavidin. Then E.
coli became attached to the beads and was retained by the magnetic field. On the
other hand, the other non-retained blood cells were washed away. The cell capture
efficiency was evaluated after subsequent PCR of E. coli DNA [227].

8.3 OTHER CELL OPERATIONS
8.3.1 CreLL CuULTURE

Cell cultivation has been conducted within aqueous fluid droplets embedded in
a non-immiscible carrier liquid. This method that was conducted in a Si—glass
microchannel was used to generate monoclonal antibodies [312]. In addition,
human connective tissue progenitor (CTP) cells and human bone marrow-derived
cells were cultured within PDMS channels [164]. Cell culture for fibroblasts has
been possible even under an AC field [896].

In one report, kidney cells of Xenopus laevis (A6) were cultured in a 96-well
Si microphysiometer sensor array [897]. Mouse fibroblasts (3T3-J2) were cul-
tured in stacked PU microstructures that mimic the bone architecture. PU is used
because it is biocompatible [160].

Polymer scaffolds which have been constructed by replica molding a
poly(lactcic/glycolic acid)(PLGA) sheet to culture endothelial cells. The device
was first perfused with a solution (poly-L-lysine, collagen, gelatin, or fibronectin)
were used to aid cell adhesion [898]. In another report, bovine aortic endothelial
cells (BAEC) were cultured on a Pyrex—Si chip pre-coated with collagen (Type
I). Cell elongation and alignment with or without liquid flow were studied. The
significance of this study is that round cells are prone to atherosclerosis, while
elongated cells are not. Whole-cell patch-clamp measurements were performed
on single (subconfluent) cells in an open channel configuration (with no lid) [308].
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Another PDMS chip was constructed with 3D microstructure to mimic in
vivo conditions for cell culture. The chip was used to culture hepatocarcinoma
(liver cancer) cells (HepG2). The inner PDMS surface was pre-coated with type
I collagen (0.03%). The cell activity was monitored by measuring albumin pro-
duction in the culture medium [361]. The supply of O, was calculated to be
adequate (3.5 x 10-° mol/device per day), thanks to the high O, permeability of
PDMS (4.1 x 10 cm?s) [163,361].

Human hepatoma (HepG2) and murine fibroblast (L929) cells were cultured
on deep UV-irradiated PS surfaces. This surface UV treatment appears to be more
convenient than other treatments (silanization on glass or thiolation on gold).
Photochemical modification of polymer surfaces yielded active peroxide groups,
which allow graft coupling of acrylamide. The peroxide group has a half-life of
2-3 days, which is quantified by the iodide method. Although this UV method
is also applicable to other polymers, such as PMMA or PC, these substrates
exhibit high cell adhesion even in the native polymer. Accordingly, thorough
cleaning was required prior to irradiation in order to achieve high contrast of cell
patterning between irradiated and non-irradiated regions [899].

Cultures of primary cardiac myocytes (chick embryo) were formed on
fibronectin patterned acrylic surfaces [198]. A microtextured PDMS chip with
20-um-wide pegs was used to promote cell culture. After coating the PDMS chip
with a thin layer of laminin, neonatal rat cardiac myocytes were cultured on it.
The cultured cells are typically 50 um in length and 10-15 pm in diameter. The
PDMS chip was cast on a mold with parylene structures patterned on a Si wafer.
Using the same mold, a poly(lactic/glycolic acid) (PLGA) chip could also be
made for culture of rat cardiac fibroblasts [900].

A mouse neuronal cell line (PCC7-Mz1) was cultured on laminin deposited
onto PS substrates using PDMS microcontact printing [901]. Growth of rat
hippocampal neuron was found to be more favorable to closely spaced PS pillar
structures [85].

A PDMS chip was used as a culture vessel for ovary cells of fall array worm
(Sf9). These cells are typically 20-30 wm in diameter and have a doubling time
of ~ 24 h [163].

Cell culture has also been conducted for bacterial and fungal cells. For
instance, growth of L. innocua and GFP-recombinant E. coli has been carried out
in a PDMS-Si hybrid chip [249].

Filamentous fungus (Colletotrichum graminicola) was found to grow on
closely spaced PS pillar structures [85]. Culture of yeast cells was carried out in
a Si—glass chip after sorting [838]. Single yeast cell culture (for four generations
in 10 h) has been rendered possible thanks to 3D liquid flow control for cell
retention in a glass chip. In addition, on-chip cell wall removal by an enzyme
(zymolase) has been achieved [680].

There are several advantages of carrying out cell culture in the microscale,
e.g., (1) medium stirring is not necessary; (2) aeration by air bubbling is not
needed if a gas-permeable polymer is used to construct the chip; and (3) the ratio
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of cell volume to extracellular fluid volume is close to one (i.e., closer to the in
vivo environment) [902].

The use of 2.5:1 ratio (instead of 10:1) of PDMS prepolymer to prepare the
PDMS chip has reduced liquid loss by absorption into PDMS by 2.5 times. This
has delayed the time for complete liquid absorption from 2.7 h to 6.3 h. Pre-
saturating the PDMS with the liquid has also prolonged the liquid loss by absorp-
tion up to 22 h. This leads to less liquid loss problems in performing cell culture
in PDMS chips [249].

8.3.2 ELECTROPORATION

Another cell operation is to use a pulsed electric field to conduct electroporation
or electrofusion. For instance, electrofusion of liposomes (5 pm dia.) and RBC
has been conducted on a microchip (see Figure 8.40) [903].

An electroporation chip was constructed by sealing a PDMS layer (3 mm)
onto a glass chip patterned with interdigital electrodes (see Figure 8.41). The
chip was used for both electrical pre-concentration of plasmid DNA and subse-
quent electroporation. The PEGFP-NI plasmid (4 pg) coded for GFP was trans-
fected into various cells (e.g., 293T, HepG2, Chang liver, and MC3T3E-1 cells).
These cells were first cultured for 24 h on the chip which was coated with 0.01%
poly-L-lysine. In the electrophoresis (targeting) mode (Figure 8.41a), 0.6 V was
applied across the top cathode and bottom anode. Then in the electroporation
mode (Figure 8.41b), 3 V was applied across the interdigital electrodes. An
increase in transfection efficiency was found only after conducting the pre-
concentration step [370].

FIGURE 8.40 Sequential pairwise fusion of two different liposomes. (a, b) Images of the
liposomes before fusion. (c, d) Images afteer the fusion between a “plain” liposome (no
membrane dye in the membrane) and a “dyed” liposome with the membrane fluorescent
dye DiO. It is observed that the membrane dye distributes evenly over the entire membrane
surface in the fused liposome. (a, c) Bright-field images. The scale bar is 10 um. (b, d)
Fluorescence images are enhanced digitally [903]. Reprinted with permission from the
American Chemical Society.
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FIGURE 8.41 Illustrations of experimental setup and mechanism of the electroporation
chip: (a) DNA attraction and targeting and (b) electroporation processes [370]. Reprinted
with permission from the Royal Society of Chemistry.

Electroporation has also been achieved on a porous membrane. For instance,
holes (2-10 um) were fabricated on a 1-um-thick transparent Si;N, membrane
using RIE. The membrane was sandwiched between two 500-nm-thick poly-Si
layers serving as electrodes. When a human prostate adenocarcinoma (ND-1) cell
of size 20 um was trapped at the hole (5 um), the cell plugged the hole to form an
insulated seal. For a smaller-sized rat hepatocyte, the hole diameter of 4 um was
used. Electroporation of the trapped cell was performed by applying a potential
across the two electrodes. The current (0-500 LA) was measured and plotted against
the electrical pulse amplitude (0—40 V). From the plot, the onset of electroporation
was indicated by the rapid rise in current. It was found that even for the same batch
of cells, the onset voltage can differ by as much as 20%. This explains why
optimizing batch electroporation experiments has been difficult [904].
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In another report, electroporation of ND-1 cells for transfection of EGFP
gene was conducted via an aperture (2—-6 pum) fabricated on a Si—SU-8-glass
chip. Electroporation was performed by applying an electric pulse (10 V, 100 ms)
[905]. A review on microchip cell electroporation has been published [906].

8.3.3 CHiP CLEANING AND STERILIZATION

To reuse the glass microchip after cell studies, the chip is cleaned using various
cleansing solutions. For instance, clogged channels by cell debris can be cleaned
by using 1% SDS or 1 N NaOH [368]. In another report, in order to help restore
the treated surface after cell studies, the channel was cleaned with decanol.
However, a better approach is to heat the glass chip at 500°C for 8 h to oxidize
the surface (and to decompose cell debris), and then to recoat the glass chip.
Alternatively, the chip is placed on a ceramic base into a furnace for thermal
treatment: temperature is raised slowly (within 1 h) to 300°C and held for 1 h,
and then allowed to cool to room temperature. This process burns the organic
materials inside the channel. Subsequently, 65% HNO; is aspirated into the
channel to remove the burnt organic material and then washed thoroughly with
chloroform [907].

For study of cells within the microchannels, sterilization is necessary. This
was performed by treatment of (a) 70% ethanol [160, 164, 249, 250, 361, 908],
(b) bleach [893], or (c) ethylene oxide [361]. Moreover, various methods such
as UV irradiation [160, 299, 908, 909] or autoclaving [898, 910, 911] have also
been used for sterilization.

8.3.4 PrevenTION OF CELL ADHESION

To reduce cell adhesion during cell studies in microchips, various coating methods
have developed. For instance, a polyacrylamide film was photopatterned on acry-
late-coated glass, using 3-(trimethyoxysilyl)propylacrylate. This coating reduced
the fraction of adhesion as follows: CATH.a cells (1.05-0.25), U937 cells
(0.99-0.11), and Jurkat T cells (0.05-0.04) [623].

In one report, Pluronics surfactant (tri-block copolymer of PEO-PPO-PEO)
was used to prevent cell adhesion in a chip. This is because the center PPO block
is hydrophobic and thus shields any hydrophobic surface on the chip. In addition,
the end PEO groups are neutral but very hydrophilic, and will not interact with
proteins and cells [278].

In another report PEG, which is a water-soluble, non-toxic, and non-immu-
nogenic polymer, has been evaluated for its use as a non-biofouling coating for
Si-based chips [912].



9 Applications to Nucleic
Acids Analysis

DNA amplification (mostly by polymerase chain reaction, PCR) and other sub-
sequent DNA analysis (including hybridization, sequencing, and genotyping)
have been facilitated by the use of the microfluidic chip. These applications are
then described in detail in subsequent sections.

9.1 NUCLEIC ACIDS EXTRACTION AND
PURIFICATION

DNA extraction has been achieved using silica beads (5 um), which were packed
in a glass microchannel and held by a sol-gel [913]. This method provided more
reproducible extraction than a previous method in which extraction was per-
formed without physically fixing the beads in microchambers [639].

DNA was also extracted from lysed E. coli cells using immobilized beads in
a chip. The extraction efficiency was found to be high, especially when the number
of E. coli cells was small [914].

A DNA purification chip was constructed on PDMS. The chip consisted of
mixing valves and a rotary mixer with fluidic and valve actuation channels. The
chip had 26 access holes, 1 waste hole, and 54 valves to simultaneously carry
out three purification procedures of E. coli genomic DNA. After removing DNA
from the chip, the gene that encoded the prelipin protein peptidase-dependent
protein D (ppdD) was PCR-amplified externally [915].

A mRNA purification from cells was conducted on a PDMS chip with pneu-
matic valve activation channels and fluidic channels. A single NIH 3T3 cell was
first isolated and lysed. The liberated mRNA was captured by oligo-dT— coated
magnetic beads. Using this method, highly abundant B-actin mRNA was isolated
from a single cell, and moderately abundant zinc finger gene mRNA isolated
from 2 to 10 cells. After purification, the mRNA was amplified by off-chip
RT-PCR [915].

Other nucleic acid extraction methods, which may have been integrated in a
microsystem, will be described in subsequent sections.

293
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9.2 NUCLEIC ACIDS AMPLIFICATION
9.2.1 DNA AMPLIFICATION
9.2.1.1 Polymerase Chain Reaction (PCR)

The polymerase chain reaction is the prevalent method for DNA amplification.
Much effort has been made to integrate PCR chambers on microchips to carry
out amplifications of DNA molecules prior to their analysis. For instance, PCR
was first achieved on a Si-based reaction chamber (25 or 50 uL) integrated with
a polysilicon thin-film (2500-A-thick) heater for the amplification of the GAG
gene sequence (142 bp) of HIV (cloned in bacteriophage M13) [997].

In another report, PCR of bacteriophage ADNA (500 bp) was performed in
a 10-puL chamber fabricated in a Si—Pyrex chip. Finally, the temperature stayed
at 72°C for 5 min. Subsequently, off-chip agarose gel electrophoresis was per-
formed. Nevertheless, it was found that PCR on chip was not as efficient as
conventional PCR [916].

On-chip PCR benefits from the high surface-to-volume ratio (SVR) of the
PCR chamber. For instance, SVR of Si chambers are 10 mm?/uL [916] and 17.5
mm?uL [917], which are greater than 1.5 mm?/uL in conventional plastic reaction
tubes and 8 mm?/uL in glass capillary reactive tubes [917,918].

In one report, anti-Taqg DNA polymerase antibody was employed to avoid
loss of PCR efficiency. The antibody inhibited the Taq polymerase before PCR
reagents attained a high temperature, and this procedure is thus called hot-start
PCR. In this procedure, the loss of Taq polymerase due to non-specific binding
was reduced. This on-chip hot-start PCR resulted in a more consistent and higher
yield than that obtained in the PCR chip without hot-start, and even that in the
conventional PCR reaction tube (with hot-start) [917].

PCR has not only been achieved from extracted DNA, but also directly from
DNA in the cells. For instance, the human CFTR (~ 100 bp) was amplified from
isolated human lymphocytes. The results were comparable with PCR from human
genomic DNA extracted from the cells. The results indicated that tedious extrac-
tion of the DNA template might not be necessary, and PCR can be conducted
directly on lysed cells [917]. In a dual-function Si—glass microchip, the isolation
of WBC from whole blood (3.5 uL) using weir-type (3.5-um-gap) filters was
followed by PCR of the exon 6 region of the dystrophin gene (202 bp) [919].
After removal of RBC (hemoglobin in RBC is a PCR inhibitor), the DNA from
the retained WBC was released by the initial high-temperature denaturation step
(94°C) [919].

Faster thermal cycling for PCR can be achieved by reducing the thermal mass
on a Si—glass chip [378,920]. For instance, this was accomplished by creating
grooves (1 mm wide, 280 wm deep) in the Si chip where the thin-film heater was
located. As a result, high rates of heating (36°C/s) and cooling (22°C/s) were
obtained [378].

In one report, a thin-walled PCR chamber was constructed on a PET chip.
The thin membrane (200 wm) between the chamber and the Al heater resulted in
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only a short 2-s thermal delay. Fast heating (34—50°C/s) and cooling (23-31°C/s)
rates were obtained [921]. In another report, a thin Si membrane (~ 50 wum) was
formed between the Pt thin-film heater and the Si-based PCR chamber. This led
to a heating rate of 15°C/s and a cooling rate of 10°C/s [922]. Furthermore, a
thin-walled PCR chamber was constructed on a Si-PMMA chip. The Si mem-
brane between the chamber and heater is 0.8 wm SiO,/0.3 um Si;N,/0.8 pm SiO,.
This combination produces a stress-reduced membrane because SiO, is heat-
compressive and Si;N, is heat-tensile. This chamber design allows for fast rates
of heating (80°C/s) and cooling (60°C/s) [923].

A non-contact heating method called infrared-mediated temperature control
has been employed for PCR. Because the chip material (polyimide) does not
absorb IR, only the solution absorbs IR. Therefore, the low thermal mass of the
solution allows for fast thermal cycling, and 15 cycles have been achieved in 240
s! Amplification of A phage DNA (500 bp) was first conducted at 94°C for 10 s,
followed by 15 cycles of 94°C (2 s), 68°C (2 s), 72°C (2 s), then finally stopped
at 72°C for 10 s [192].

Integration of the PCR chamber and subsequent on-chip CGE analysis has
been reported. First, the target DNA, which is a -globin target cloned in M13
(268 bp) or genomic salmonella DNA (159 bp), was amplified in a microfabri-
cated PCR reactor. The reactor (~ 20 uL) was heated by a polysilicon heater
(3000 A Si doped with boron). Then the PCR products were directly injected
into a glass CE chip for CGE separations. The heating and cooling rates are
10°C/s and 2.5°C/s, respectively, as compared to typical rates of 1°C/s in con-
ventional thermal cyclers [924].

In another report, PCR and subsequent CGE separation were integrated on a
glass microchip (see Figure 9.1). PCR of A phage DNA was conducted in a
sample reservoir with thermal cycling by a Peltier heater/cooler. Subsequent CGE
separation was conducted immediately after PCR because the PCR reservoir led
to the CE channel. In addition, an on-chip DNA pre-concentration device was
included. This reduced the analysis time to 20 min (by decreasing the number of
thermal cycles required to 10 cycles), and the starting DNA copy number to 15
(0.3 pM) [925].

The use of a thin-film heater permitted a PCR cycle time as fast as 30 s in a
280-nL. PCR chamber. Stochastic DNA amplification has been demonstrated
using one to three templates. The temperature program started at 95°C for 60 s,
followed by 30 cycles of 94°C (5 s), 64°C, touch-down (in 2°C increments) to
50°C (15 s), and 72°C (10 s). Ten representative electropherograms (out of 60)
demonstrate the stochastic amplification from 0 to 3 starting template copies
(M13, 136 bp); see Figure 9.2. Note the presence of the control peak (S65C, 231
bp) in all cases. Before separation, the PCR mixture was prevented from flowing
into the CE channel using the passive barrier formed by the HEC sieving medium
[926]. A Si-based PCR chamber was also interfaced to a glass chip using a PDMS
gasket. PCR and subsequent on-chip CE separation were conducted for the DNA-
based determination of bird sex [927]. In another report, PCR and CGE were
integrated on a PDMS—glass chip. The PCR chamber is an open PDMS reservoir
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FIGURE 9.1 Dual Peltier assembly for rapid on-chip thermal cycling of PCR followed
by on-chip CE analysis [925]. Reprinted with permission from the American Chemical
Society.

covered by silicone oil during PCR. The connection channel between the PCR
chamber and separation channel was narrowed down in width, forming a stop
valve between them until CGE separation started [253]. Furthermore, IR-medi-
ated PCR amplification of the B-globin gene was performed on a glass chip
sample reservoir, followed by on-chip CGE within the glass microchannels [928].

For complex samples containing several different DNAs, multiplex PCR has
been carried out. For instance, on-chip multiplex PCR was achieved on four
DNA s representing regions in the bacteriophage ADNA (199 and 500 bp), Escher-
ichia coli genomic DNA (346 bp), and E. coli plasmid DNA (410 bp). After PCR,
the fluorescent intercalating dye (TO-PRO) was added to the PCR reservoir, and
CGE separation was performed downstream [929].

Lysis of E. coli, multiplex PCR amplification, and electrophoretic sizing were
executed sequentially on a glass chip [929,930]. Multiplex PCR was achieved
for five regions of the genomic and plasmid DNA of E. coli, and four regions in
the ADNA. Subsequent CGE separation was performed [929]. From the separation
results, the 3%-PDMA sieving medium appeared to be stable even though it was
present during thermal cycling. Moreover, the components in the PCR reaction
mixture did not appear to adversely affect the performance of the CGE analysis
of the PCR products [930].

Multiplex PCR of the muscular dystrophin gene was performed on-chip. The
method of degenerate oligonucleotide-primed PCR (DOP-PCR) was first used to
increase the number of DNA templates before multiplex PCR. Therefore, DOP-
PCR can provide the template DNA from the whole human genome, but this
procedure is feasible only when the amplicon size is less than 250 bp [931].

Research on the integration of PCR and DNA analysis has been very active.
For comparison, the PCR chip designs and PCR mixtures are tabulated in Tables
9.1 and 9.2, respectively.
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FIGURE 9.2 PCR amplifications/analyses
of single-molecule templates with internal
controls. Ten representative
electropherograms from a total of 60 are
shown. In each electropherogram, the 231-
bp control peak is seen, indicating PCR
amplifications have occurred. In some
electropherograms (b, c, g, i, j) only the
control peak is seen, indicating
unsuccessful amplification of the 136-bp
template. In one case (h), a 136-bp peak is
seen, but it is small in proportion to the
control peak, indicating a one-template
PCR. In some cases (d, e, f), the 136-bp
peak is larger, indicating a two-template
PCR. In another case (a), this 136-bp peak
dominates over the control peak, indicating
a three-template PCR. These 10
amplifications were conducted in this order
over a single day [926]. Reprinted with
permission from the American Chemical
Society.



TABLE 9.1

Design of PCR Chambers

PCR Chamber
Material

Si—Pyrex
Si
Si—glass
Si—Pyrex
Glass
Glass
PC
PC
Plastic
Polyimide
PDMS
PDMS
Si-glass
PMMA/Si
Glass
PDMS
Si—Pyrex
Si—Pyrex
PC
PC
/
Si-glass
/
Si
PET

Chamber
Volume

5uL

20 uL

50 uL.

10 uL
10-20 uL
280 nL
38 uL

20 uL

/

1.7 uL
30-50 uL
1.5 uL

2 uL

200 nL
200 nL
1.9 uL

3 uL

3 uL

29 nL

~ O~ -~ -~ -~ -

Surface Treatment
Thermal oxide 4000 A
Thin-walled polypropylene liner
Silanization
Thermal oxide 1000 A
BSA (2.5 mg/ml) treatment
Coated
/
uv
/

/

BSA 150 pg/mL

/

PECVD SiO, (200 nm), BSA
/

/

Parylene (4.5 um)

Silanized

BSA 1.0 mg/mL

~ ~ -~ -~ - - -

Heating Rate Cooling Rate

5°C/s
10°C/s
13°C/s

2°C/s
10°C/s
7.9°Cls

2.4°C/s
10°C/s

/
~2.4°C/s
~ 60-90°C/s
80°C/s
20°C/s
2°C/s
2.9°C/s
11°C/s

~ 12°C/s
/

7°Cls
36°C/s
7-8°C/s
15°C/s
34-50°C/s

5°C/s
2.5°C/s
35°C/s

3-4°C/s
10°C/s
~4.6°C/s

2°C/s
10°C/s

/
~2.0°C/s
74°C/s
60°C/s
>10°C/s
1.2°C/s
2.4°C/s
11°C/s
~2°C/s

/

6°C/s
22°C/s
5-6°C/s
10°C/s
23-31°C/s

Heating Methods
Peltier heater
Polysilicon (3000 A) heater doped with boron
Polysilicon (2500 A) heater
Peltier heater/cooler
Peltier heater/cooler
1 cm? resistive heater N, cooling
Peltier heater
Commercial thermal cycler
Resistive heater plus Peltier heater/cooler
Infrared heating
Peltier heater
Resistive wire heater, Peltier cooler
Resistive Pt heater
Thin-film Pt heater
Resistive heater, forced—air cooling
Cartridge heater, DC blower fan
Resistive Pt heater
Resistive Al heater
Resistive C heater
Peltier heater
Peltier heater/cooler
Resistive Pt heater, cooling fan
Peltier heater, cooling fan
Thin-film Pt heater
Thin-film Al heater

Ref.
943
924
997
917
925
926
937
938
998
192
253
964
920
923, 999
282
1000
94
927
291
462
916
378
1001
922
921
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TABLE 9.2

Composition of PCR Mixtures

Primer Conc.
1 uM

1 uM

0.1-1 uM

0.2 uM

0.25 uM

1.0 uM

Forward primer, 12 nM
reverse primer, 1.2 uM;
0.5 uM

1.0 uM
1.0 uM
80 uM

0.2 uM

4 nM forward primer;
0.08-0.4 UM reverse
primer

1 uM

1 uM

0.5 uM

Nucleotide

Conc.
200 uM

200 uM
200 uM
200 uM

200 uM
125 uM

2 mM

200 uM
200 uM
2.5 mM

200 uM
0.2 mM

0.2 mM
0.2 mM
0.2 mM

Polymerase
Taq2.5U

Taq 25 U/mL
Taq 25 U/mL
Taq 2.5 U/50 uL.

Taq 25 U/mL
Taq 25 U/mL

(Taq Start antibody 2.2
png) Taq 10 U

Taq 25 U/mL

Taq 25 U/mL

(Taq start antibody 132
ng) Taq 1.2 U

Taq 10 U

1.25 U/50 pL Taq

0.025 U/ uL Taq
25 U/ml Taq
0.5U/uL Taq

Amount of DNA Template
10% copies

E. coli cells
10 ng/mL phage DNA

200 copies (M13/pUC, 136 bp)/50 uL

1000 copies (S65C, 231bp)/50 uL.
10 ng/mL
50 pg/uL

White blood cells

10 ng/mL A DNA, E coli cells
E. coli cells (346 bp PCR product)
9.6 ng human genomic DNA

0.1 ng A phage DNA (500 bp)
0.015-50 ng/50 uL. TCM herbs: P.
padatisecta, D. innoxia

Bird genomic DNA
/
PSA gene

Additives for Surface
Modifications?

Zwitterion buffer (tricine), 1.4 uM

PVP, and non-ionic surfactant (0.01%

w/v Tween-20) as dynamic coating
0.001% gelatin, 250 ug/mL BSA
0.001% gelatin, 250 pg/mL BSA
1.5 uM BSA

0.001% gelatin, 250 ug/mL BSA
0.001% gelatin, 250 ug/mL BSA

Possibly coated by proteins from
white blood cells

0.001% gelatin, 250 ug/mL BSA

0.001% gelatin, 250 pg/mL BSA

0.1% Triton X-100, 0.01% gelatin

0.001% gelatin, 0.75% (w/v) PEG
0.5 ug/uL BSA

0.1% Triton X-100

0.25% Tween-20, 25% glycerol

0.2 g/LL BSA, 1 mL/L Triton X-100, 1
mL/L Tween-20, 2.8 umol/L PVP

Volume of
mixture Ref.
10 pL, flow 946
through
10-25 uL 930
6 uL 925
280 nL 926
20 uL 938
38 uL 937
50 uL 919
12 uL 929
1.5 uL 998
12 uL 931
50 uL 192
94
Flow through 927
Flow through 275
Flow through 1002
-- continued
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TABLE 9.2 (Continued)

Composition of PCR Mixtures

Nucleotide
Primer Conc. Conc.
1 uM 0.2 mM
0.1 uM forward primer; 10 mM
10 UM reverse primer
2.5 uM 0.2 mM
0.2 uM 0.2 mM
0.25 uM 5 mM
0.05 uM forward primer; 0.4 mM
5 uM reverse primer

0.5 uM 200 uM
0.25 uM 200 uM
0.5 pM 50 uM
0.1 uM 1.6 mM
0.2 uM 100 uM
0.5 uM 0.4 mM
400 uM 200 uM

200 uM
0.3 uM 200 uM
0.5 uM 400 uM
0.6 uM 200 uM
0.6 UM 200 uM
0.6 UM 200 uM
0.2 uM 200 uM

Polymerase
0.1 U/uL Taq

5 U/uL Taq

0.5 U/uL Taq

2.5 U/100 uL Taq
0.01 U/uL Taq

5 U/20 uL Taq

0.5 U/uL Taq
2.5 U/50 uL Taq
0.5 U/uL Taq

1.5 U/10 pL Taq
1.5 U hot-start Taq
5 U/40 puL Taq

Taq 1.25 U
Taq 1.0 U
Taq2.5U
Taq2.5U
Taq 0.6 U
Taq 0.4 U
Taq 0.6 U

Amount of DNA Template
Various DNA templates 0.2 mM

1 ng/uL TCM herb: F. thunbergii

4.5 x 103 copies of bacterial DNA
1 ng/100 puL ADNA

10 ng/20 uL

E. coli K12-specific gene fragment

Human B-globin gene (0.23 kbp), PSA DNA
(0.23 kbp)

5 ng human chromosome, X: 157 bp, Y: 200
bp

4.95 ng/uL (490 bp) angiotensin-converting
enzyme gene

0.2 ng human genomic DNA

E. coli genes

E. coli K12 gene, 10° cells

108 copy

0.2 ng

1 ng

500 ng (4 x 10° copies)/Salmonella DNA
1.2 ng C. jejuni DNA

125 ng human genomic DNA

1.2 ng C. jejuni DNA

(Taq start antibody 132 Human lymphocytes (1500 and 3000 cells)

ng) Taq 0.4 U

2 To prevent adsorption of PCR polymerase or nucleic acids, surface treatment is necessary.

Volume of
mixture

Additives for Surface
Modifications?
Tween-20 (1-40% w/v) BSA (0.1 to
20 ug per 50 uL)
20 pe/uL BSA

0.1 mg/mL BSA

100 pg/ml BSA

Nil

Gelatin 0.001%, BSA 0.1%

0.1% Triton X-100, 0.1% Tween-20,
0.2 g/L BSA, 28 uM PVP
1.5 uM BSA

Nil

0.75% wiv PVP 40 or PEG 8000
100 ug/mL BSA
0.01%, gelatin, 0.75% BSA (250
png/mL), PEG 8000
50 uL
10 puL

50 uL
12 uL

Ref.
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282
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936
269
1001

997
916
918
924
917
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9.2.1.2 Surface Passivation of PCR Chambers

To avoid inhibition of the enzyme (polymerase) and adsorption of DNA (template
and product), surface passivation on the PCR was needed. It was found that native
silicon is an inhibitor of PCR and an oxidized silicon (SiO,) surface was required
to provide the best passivation [943].

In a later report, inhibition of PCR in Si—glass PCR chips was found to be
mainly caused by the adsorption of the Taq polymerase, rather than by the
adsorption of DNA [299]. It was also found by XPS analysis that the primary
PCR inhibitor in a glass PCR chamber was Cr, which was involved in the
microfabrication process. The highest Cr concentration that could be tolerated
was found to be 0.1 M [932].

Hemoglobin and heparin present in blood samples are also PCR inhibitors.
In one report, these inhibitors were removed from yeast cells (used as the model
for blood cells) after DEP cell retention. The yeast cells were retained by DEP,
whereas bovine hemoglobin (I mg/mL) and heparin (13 pg/mL) were washed
away [933].

A polymeric coating, poly(vinylpyrrolidone) (PVP), has been developed and
used in glass microchips for robust CGE analysis of PCR products containing a
high salt content [934]. The coating was applied after silanization (using tri-
methylsilane, TMS) of the channel wall. Among other coatings tested, PVP has
produced good separation performance even after 635 analyses [934].

Four coatings, such as PEG (8.5% w/v), PVP (2.5% w/v), HEC, and EPDMA,
were evaluated for PCR on glass chips. It was found that the amount of PCR
products were 13%, 78%, 0%, and 72%, respectively, when it was 100% using
a conventional PP tube. These values were also compared to 50-120% when only
silanization was used for passivation. While the first three are dynamic coatings,
the last one is an adsorbed coating [935].

In another report, it was found that the addition of PEG 8000 or PVP 40 in
the PCR mixture produced a significant surface passivation effect in either native
or SiO,-precoated Si—glass chips. Using this passivation method, PCR of the
nitric oxide synthase gene (human endothelial) in human lymphocytes was dem-
onstrated [936].

9.2.1.3 Integrated DNA Analysis Microsystems

In addition to integrating PCR and CE separation, a complete nucleic acid analysis
system requires the inclusion of many more operations. For instance, PCR ampli-
fication and subsequent hybridization have been achieved in a disposable poly-
carbonate (PC) chip (see Figure 9.3) [462,937]. Analysis was focused on the E.
coli DNA sequence (221 bp) and the Enterococcus faecalis E gene (195 bp). The
higher transition temperature of PC (145°C) than that of other plastic materials
allows thermal cycling conducted at high temperature (e.g., 95°C) [938]. The
chip has a well-positioned window (see PCR in Figure 9.3) to provide liquid
access. Through the window (1.7 cm?), surface treatment and oligonucleotide
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10 mm

FIGURE 9.3 Monolithic integrated polycarbonate device for DNA assay which involves
PCR and DNA hybridization. The device consists of the following components: serpentine
PCR channel (PCR), 7-uL hybridization channel (HC), Pluronics valves (V1-V4), Pluronic
traps (T), hydrophobic air-permeable membrane (M), PCR reagent-loading holes (SL),
sample driving syringe pump (P1), waste-withdrawing syringe pump (P2), and wash
syringe pump (P3) [937]. Reprinted with permission from the American Chemical Society.

probe attachment were conducted on the hybridization channel (HC). Afterwards,
the window was enclosed with a second PC piece using adhesive tape and epoxy
[937,939]. The DNA sample was loaded through SL into PCR for DNA ampli-
fication. Subsequently, the liquid was transferred to HC for hybridization. To
bypass a post-amplification step, i.e., denaturing of dsDNA, asymmetrical PCR
was employed. This approach utilized strand-biasing to preferentially amplify the
target strand of choice. Hybridization was performed on a microarray spotted
onto HC downstream of the PCR chamber. To evaluate the probe attachment, the
probes were Cy3-labeled; to evaluate the hybridization chemistry, the targets were
Cy5-labeled. While the normal approach is not to label the probe, this strategy
allows the visualization of probes even though no hybridization has occurred
[937].
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A Si-based device was fabricated to integrate DNA amplification and hybrid-
ization analysis. Oligonucleotide probes were first spotted into an array of mul-
tiple silanized PCR microreactors. DNA samples were introduced into these
microreactors for asymmetric PCR. Right after PCR, hybridization occurred in
the same locations by changing the solution conditions. This device was applied
for the genotyping of Chinese medicinal plants, which was based on the variations
of different plant species in their non-coding regions of the 5S rRNA gene [94].
Multiple PCR chambers (i.e., 1064 microreactors) have also been constructed on
a PDMS chip [940].

A fully integrated eight-channel genomic analysis microsystem has been
constructed on a glass wafer (see Figure 9.4). The microsystem includes micro-
fabricated heaters, resistance temperature detectors (RTD), PCR chambers, and
a CE separation channel. Both the heater and RTD are fabricated from Pt/Ti
layers. Fast heating and cooling rates of 20°C/s were achieved for PCR of human
genomic DNA for sex determination. In the CGE analysis shown in Figure 9.5,
female sex was identified by the presence of the 157-bp PCR product derived
from the X chromosome, whereas male sex was identified by the presence of the
157-bp and 200-bp PCR products derived from both X and Y chromosomes [282].

A PCR chamber (200 nL) constructed on a glass chip was integrated with a
Pt heater. In addition, PDMS valves were integrated to enclose the PCR mixture
during PCR. Triplex PCR amplification of target genes that encode 16S ribosomal
RNA, the fliC flagellar antigen, and SItI shigatoxin was carried out for the
detection of pathogenic E. coli. Subsequent CE separations of the three E. coli
strains are shown in Figure 9.6. In Figure 9.6a, only benign E. coli strain K12
produced the 280-bp 16 S product. In Figure 9.6b, the enteropathogenic E. coli
055:H7 produced both the 16S product and the 625-bp fliC, product. In Figure
9.6c, the enterohemorrhagic shigatoxin-producing strain O157:H7 produced all
the 16S, fliC, and 348-bp SltI products. This method can identify pathogenic E.
coli down to a level of two to three bacterial cells [269].

Using multilayer soft lithography, PCR reactions were achieved in 3-nL.
reactors at the vertex of a NxN microfluidic matrix (N = 20) in a PDMS—glass
chip. Using pneumatic control in the PDMS control layer, 20 primers and 20
concentrations of DNA template were introduced into the fluidic channels. A
single 2-uL aliquot of polymerase is distributed over all 400 independent reac-
tions, thus dramatically reducing sample and reagent consumption. Here, N? =
400 distinct reactions were carried out with only 2N + 1 = 41 liquid pipetting
steps. This was compared to the 3N? = 1200 steps required with conventional
fluid handling. A 294-bp segment of the human B-actin cDNA was amplified
inside a flat-bed thermocycler. By titrating the template DNA concentrations, the
detection limit was ~ 60 template copies per reactor [941].

Integration of PCR and CE was achieved on a COC chip for the detection of
bacteria (e.g., E. coli and Salmonella typhimurium). PCR was conducted in a 29-
nL chamber, which was temporarily sealed off by gel valves during PCR. The
gel valve can withstand a hydrostatic pressure of 100 psi, which is higher than
the water vapor pressure of 12 psi achieved in PCR up to 95°C. After PCR and
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FIGURE 9.4 (Color figure follows page 236). Overview of the PCR-CE mask design
including microfabricated heaters (pink) and green-colored resistance temperature detec-
tors (RTDs). Bottom right, an expanded top view of the chamber area, showing the
chamber, the four-lead RTD, and the heater. The leads for the heater should be electroplated
with gold (see also Chapter 2, section 2.6). The four-lead RTD provides more accurate
temperature measurement than the two-lead RTD, since the four-lead device separates the
measurement due to Joule heating in the device from that due to the actual temperature
change within the PCR chamber. Bottom left, an expanded view of a partial cross section
of the device, showing the two glass layers and their relative alignment [282]. Reprinted

with permission from the Royal Society of Chemistry.

the electric field was applied, the DNA migrated through the gel and commenced
CGE separation. The COC substrate was selected over acrylic because COC has
a higher glass transition temperature, and over PC because COC has a lower

fluorescent background [291].
Micro-PCR is normally achieved in PC, Si, and glass but not PDMS because
of its porosity. However, with a parylene (or poly-para-xylene) coating, problems

of bubble formation, sample evaporation, and even protein adsorption are solved
In addition, no BSA or PEG additive is needed in the PCR mixture for dynamic

coating because the parylene coating (4.5 um thick) is hydrophobic. This can be
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FIGURE 9.5 Sex determination from human genomic DNA using the PCR-CE microde-
vice. Top: amplification from female DNA. Only the 157 bp peak representing amplifica-
tion from the X chromosome is seen. Middle: amplification from male DNA; both the
157 bp X-chromosome and the 200 bp Y chromosome amplicons are observed. Bottom:
DNA sizing ladder for amplicon size reference, run separately on the same device [282].
Reprinted with permission from the Royal Society of Chemistry.

seen in the contact angle measurements in Figure 9.7. On the other hand, since
the thermal conductivity of PDMS is lower than that of Si or glass, the heating
rate in a PDMS device is lower (see Figure 9.8). However, with both top and
bottom heating, the heating rate of 2°C/s and cooling rate of 1.2°C/s can be
achieved. [1000].

An integrated DNA analysis system has been constructed to perform various
tasks such as measuring of nanoliter-size reagents and DNA samples, solution
mixing, DNA amplification, DNA digestion, CGE separation, and fluorescent
detection. Both the heater (boron-doped) and temperature sensor(diode photode-
tector (with the TiO,/SiO,-interference filter) are also integrated. Hydrophobic
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FIGURE 9.6 The portable PCR-CE microsystem for pathogenic organism analysis con-
ducted directly from intact E. coli cells. (a) Analysis conducted from E. coli K12 cells,
showing only the presence of the co-injected DNA ladder and the 280-bp 16S amplicon
specific for E. coli. (b) Analysis conducted from E. coli O55:H7 cells, showing the ladder,
the 280-bp amplicon, and the 625-bp fliC amplicon characteristic of cells presenting the
H7 surface antigen. (c) Analysis conducted from E. coli O157:H7 cells, showing the DNA
ladder, the 280-bp amplicon, the 625-bp fliC amplicon, and the 348-bp sit amplicon,
characteristic of E. coli both possessing an H7 antigen and expressing shigatoxin. Each
analysis was conducted from a starting concentration of 40 cells in the reactor in a time
of 30 min [269]. Reprinted with permission from the American Chemical Society.

regions are present for fluid control. The only external electronic component not
integrated with the chip is a blue light-emitting diode [942].

9.2.1.4 Real-Time PCR

Real-time PCR for DNA amplification and detection was facilitated using the
microfluidic chip.
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FIGURE 9.7 The contact angle of PDMS after various surface treatments: (a) 3 h after
O, plasma treatment (28° C), (b) 48 h after O, plasma treatment (70° C), (c) 144 h after
O, plasma treatment (90° C) and (d) parylene-coated PDMS (92° C)[1000]. Reprinted with
permission from the Institute of Physics Publishing.
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FIGURE 9.8 Temperature profile of the PCR chamber (center) fabricated on different
substrates: silicon (solid line), glass (broken line), PDMS with bottom heating (dotted
line), and PDMS with both top and bottom heating (chain line). Top inset shows the
temperature profile in the expanded scale (90-94°C) [1000]. Reprinted with permission
from Institute of Physics Publishing.

Real-time monitoring of PCR amplification was achieved by sequential CGE
after 15, 20, 25, and 30 s (see Figure 9.9) [924]. In addition, PCR of B-actin
DNA (294 bp) has been integrated with real-time detection at 518 nm using a
fluorescent reporter probe [943].
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The use of an intercalating dye, SYBR Green I, for real-time PCR can only
be performed in an all-glass device, rather than one of PDMS—glass, because
the dye and DNA appeared to migrate into the PDMS (Sylard 184) polymer
[447].

Real-time PCR was also performed by on-chip thermal cycling for the detec-
tion of Hantavirus, HIV, orthopoxviruses (266-281 bp), Borrelia burgdorferi,
human B-actin (294 bp), and the human complement C6 gene (73 bp) [944]. In
another report, real-time PCR was performed for DNA extracted from Bacillus
subtilis in a plastic microfluidic cassette. The spore samples (10%/mL) were
sampled, filtered, and sonicated in the presence of 6-um glass beads for spore
disruption to release the DNA [945].
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FIGURE 9.9 Real-time PCR of B-globin using an integrated PCR-CE microdevice. Con-
secutive chip CE separations of the same sample were performed in the integrated chip
after 15, 20, 25, and 30 cycles. Thermal cycle was 96°C for 30 s and 60°C for 30 s. The
