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Abstract Clinical diagnostics and genomic research
often require performing numerous genetic tests.
While microfluidic devices provide a low-cost alterna-
tive to such demands, integrated microfluidic devices
are fabricated using expensive technology not always
affordable for single use. However, carryover cross-
contamination (CXC) concerns (i.e. either false posi-
tive or false negative PCR data) in PCR chips prevent
reuse, defying much of the advantages of miniaturized
systems developed using expensive MEMS processing.
In this work, we present an integrated and reusable
PCR-CE glass microfluidic chip capable of multi-
chamber PCR and sequential CE, with emphasis on a
unique chip reusability approach to avoid CXC. For
reliable PCR, the surface of the chamber is re-config-
ured from its virgin hydrophilic (CA < 20°) to hydro-
phobic (CA > 110°) by silanization. To then extend
this silanization method as a chip reusability technique,
the silanization coating is ‘stripped and re-silanized’
(SRS) to create a fresh coating prior to each successive
PCR run. Experimental confirmation of the effective-
ness of SRS method in avoiding the CXC is demon-
strated using plasmid DNA and HIV-1 infected DNA
samples. We also present passive plug microvalves
incorporated in the chip to enable fluid/vapor retention
during the PCR and controlled fluid flow from the PCR
chamber to the CE section for further analysis.
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1 Introduction

The polymerase chain reaction (PCR) method for nu-
cleic acid amplification and capillary electrophoresis
(CE) technique for the detection and analysis of PCR
amplified genes have gained widespread acceptance as
a powerful tool for genetic analysis. Integrated PCR—
CE devices demand that the nucleic amplification
requiring on-chip heating and DNA separation
requiring electrical field be performed on the same
device. This requirement places important constraints
on the choice of material used to fabricate these de-
vices to ensure compatibility of all such processes. In
this regard, materials such as polymers (Hong et al.
2001; Prakash et al. 2006), Si (Daniel et al. 1998; Nagai
et al. 2001) and glass (Khandurina et al. 2000; Lagally
et al. 2004; Waters et al. 1998), have been explored for
this purpose. However, polymers, particularly PDMS,
suffer from fluid loss during PCR (Li et al. 2006;
Prakash et al. 2006; Shin et al. 2003) and means to
overcome this by enhanced fabrication strategies hin-
ders rapid prototyping, while bulk Si on the other hand
has seldom been used in CE due to incompatibility
with EOF and high-voltage artifacts, and its optical
opaque property. Alternatively, glass has excellent
compatibility with CE (Han and Frazier 2005; Lagally
et al. 2004; Ma et al. 2005) (e.g. favorable fluidic,
optical and electrical insulating properties), high
resistance to fluid and vapor diffusion during PCR, and
hence used in most integrated PCR—CE devices (Hong
et al. 2001; Khandurina et al. 2000; Lagally et al. 2004;
Prakash et al. 2005; Rodriguez et al. 2003; Waters et al.
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1998). The main drawback in using glass is its hydro-
philicity which causes excessive adsorption of PCR
reagents and requires careful tailoring and/or suitable
modification of its surface properties (Erill et al. 2003;
Giordano et al. 2001a; Obeid et al. 2003).

Although microfluidic devices harness the advan-
tage of low reagent consumption, integrated micro-
fluidic devices are fabricated wusing expensive
technology not always affordable for single use. Fur-
thermore, carryover cross-contamination (CXC) con-
cerns (i.e. either a false positive or a false negative
PCR data) in PCR chips prevent reuse, defying much
of the advantages of miniaturized systems developed
using expensive MEMS processing (Cheng et al. 1996;
Curcio and Roeraade 2003; Dorfman et al. 2005;
Findlay et al. 1993; Gulliksen et al. 2005; Kuypers et al.
1998; Matsubara et al. 2004). [A false-positive PCR
data is the amplification of DNA as a result of the
presence of (even a single molecule of) nucleic acid
contaminant, particularly from previously amplified
DNA; while a false-negative PCR data is a result of an
unsuccessful PCR amplification due to the presence of
any contaminant from prior runs or inhabitants—in the
absence of which the PCR protocol is expected to re-
sult in an optimal DN A amplification with high yield.]

Thus far, Dorfman et al. (2005) demonstrated a
high-throughput system combined with reusability
using the continuous-flow PCR method by a surfactant
and oil emulsion technique. While the concept of high-
throughput and reusability for PCR was uniquely
accomplished, the addition of surfactants may require
tedious reagent titration and often extensive PCR
protocol optimization for typical clinical applications
(Khandurina et al. 2000; Matsubara et al. 2004; Walsh
et al. 2005). Furthermore, in the continuous flow PCR
devices, the PCR sample resident time at any segment
in the capillary tube is only a few seconds as opposed to
many hours in the relatively advantageous (Auroux
et al. 2004) chamber PCR approach that is popularly
used in integrated systems (particularly with down-
stream CE analysis). Hence the Dorfman et al. reus-
ability approach introduces the possibility of CXC
concerns if adopted in chamber PCR devices, and the
approach may not be suitable for reusing microfluidic
chips outside the continuous flow PCR domain. Al-
though Giordano et al. (2001b) suggested cleaning with
alcohol prior to reuse, only a negative PCR control was
demonstrated and lacked rigorous experimentation
perhaps since their work was not focused on the con-
cept of reusability.

Addressing the issue of high-throughput and un-
iquely tackling the topic of chip reusability, we pres-
ent an integrated ‘array PCR—-CE’ microfluidic chip
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fabricated using the most compatible material for this
application—glass, and with capabilities of simulta-
neous genetic amplification and sequential CE anal-
ysis, combined with a unique approach to reuse the
PCR chambers avoiding CXC concerns. The reus-
ability feature is realized by first silanizing the surface
of the glass PCR chamber to alter the glass surface
from its virgin hydrophilic (CA < 20°) to hydrophobic
(CA > 110°). To then reuse the PCR chamber, a
‘stripping and re-silanizing’ (SRS) method is imple-
mented where the silanization is stripped from the
surface, which exposes the virgin glass surface, and
then re-silanized to again form a hydrophobic coating
between successive PCR runs. The SRS method en-
sures a new coating and a clean hydrophobic chamber
surface prior to each PCR run thereby avoiding CXC.
Furthermore, the hydrophobicity is expected (Giord-
ano et al. 200la; Shin et al. 2003) to minimize
adsorption and consequently enable reliable on-chip
PCR in glass devices. The effectiveness of the SRS
chip reusability technique for PCR is presented with
verified positive control PCR (i.e. PCR protocol with
the addition of template DNAs) and negative control
PCR (i.e. PCR protocol without the template DNAs)
from plasmids and Human Immunodeficiency Virus
(HIV) infected DNA containing all parts of the HIV-
1 genome (HIVZ6). These experiments, mimicking
clinical samples and ranging in their experimental
complexity, are intended to demonstrate that the SRS
method is not sample specific (e.g. only samples with
high PCR yield) and that both false-positive and
false-negative PCR data can be avoided in reused
glass chips.

In order to implement a practical integrated PCR—
CE system, here we also present a simple, efficient and
disposable ‘passive plug’ (PP) microvalves fabricated
using PDMS that were incorporated in the integrated
chip. The PP microvalves enabled fluid/vapor retention
during the PCR stage and flow control from the PCR
chamber to the CE section prior to downstream CE
analysis.

2 Materials and methods
2.1 Microfabrication

The fabrication protocols for the integrated glass mi-
crofluidic PCR-CE used in this work is similar to that
reported earlier (Taylor et al. 1998) and hence only a
brief summary is provided here with emphasis on the
modifications to standardized fabrication methods.
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In our fabrication method, the isotropic glass etch-
ing using hydrofluoric acid (HF) is accomplished in a
two-step process. Initially the entire microfluidic pat-
tern (i.e. the PCR and CE channels) unmasked on a
metalized (Cr-Au) 4 in. X 4 in.borofloat glass sub-
strate (1.1 mm thick) is immersed in the HF solution
for 20 min to form isotropic 20 pm deep channels. This
gives a desired 50 pm wide x 20 um deep channel
suitable for CE. However, deeper etch was desired in
the PCR section of the chip to accommodate larger
fluid volumes in the PCR chambers. Since the inte-
grated chip layout was such that the CE and PCR
sections had distinct boundaries (see Fig. 1), the sec-
ond step deep isotropic glass etch of the PCR chamber
was performed after masking the CE section of the
chip with a Teflon tape (Blue Medium Tack, Semi-
conductor Equipment Corporation, USA). The sub-
strate was again immersed in HF and was etched for a
prolonged period of nearly 10 h, so as to give an iso-
tropic etch depth of about 0.7 mm in the PCR cham-
bers, which corresponded to a minimum fluid volume
of approximately 3 pl. This deeper etch of the PCR
chamber also reduces the thickness of the glass below
the chamber and hence is expected to provide more
uniform thermal distribution in the chamber during
temperature cycling. [Note that the prolonged HF etch
caused pin-hole pockets in some areas on the glass
protected by the Au-Cr-photoresist mask. However,
this did not affect the subsequent processing or the
functionality of our fabricated microfluidic chip.]

Upon completion of the glass etch process, the
photoresist and Au-Cr metals were removed by
sequentially washing in acetone, Au and Cr metal
etchents. Following this, the substrates were subjected
to an hour long cleaning in two reactive chemical
agents (RCA)—hydrochloric acid, hydrogen peroxide
and water (1:1:6), and ammonium hydroxide, hydro-
gen peroxide and water (1:1:5). This was required to
remove any residual metal, since it has been reported
(Taylor et al. 1998) that traces of metal, particularly
Cr, could potentially inhibit the PCR amplification.
Finally, the substrates are immersion cleaned for
30 min in a freshly prepared Piranha solution made-
up of hydrogen per-oxide and sulphuric acid (1:3). In
the final step, the glass-etched substrate is aligned and
bonded to another borofloat glass with drilled holes
(diameter = 2 mm) that form access holes to the
etched channels in the lower glass substrate. This
bonding was achieved by thermal fusion in a pro-
grammable furnace enhanced by the hydrophilicity of
the two mating surfaces. High quality and reliable
bonds were consistently achieved over the entire
surfaces of the substrates using this technique. Finally,

the bonded substrates were diced along chip bound-
aries in an automated dicing saw (DAD 321, Disco
Hi-Tec America, USA), and the resultant glass-on-
glass integrated PCR—CE microfluidic device is shown
in Fig. 1. As observed in Fig. 1, to enable high-
throughput, 9 PCR chambers (with varying volumes
capacity of up to 6 pul) were integrated to a single CE
channel to enable performing multiple PCR experi-
ments simultaneously in each of the chambers and
then sequentially analyze the PCR product from each
chamber by CE.

2.2 Passive plug microvalves

The ‘passive plug’ (PP) microvalves incorporated in
the integrated chip conceptually utilizes an airtight
plugging mechanism to prevent fluid and vapor loss
from open-to-ambient drilled access holes on the upper
substrate of the chip. The operation of the PP micr-
ovalves in the context of PCR-CE is schematically
represented in Fig. 2. As shown, the valves are only
required during PCR thermal cycling to enable fluid/
vapor retention, and sample transport from the PCR
chamber to the CE sample well. The PP microvalves,
with the stub and stem components as shown in Fig. 2a,
were fabricated of PDMS using a template glass plate
with drilled holes identical to those on the upper glass
substrate of the chip. A snug and air-tight fit of the PP
microvalve in the open-to-ambient access holes on ei-
ther sides of the PCR chamber (Fig. 2b) in the chip
prevents fluid/vapor loss from the chamber during the

control
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Fig. 1 Picture of the integrated PCR-CE glass microfluidic chip.
An array of 9 PCR wells is seen on the right, each of which is
connected to the CE sample well on the left through a common
‘PCR to CE fluidic channel’
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(a) Description of valving components for the glass
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Fig. 2 Overview and functionality of the passive plug (PP)
microvalves. a (left) Description of components valves and the
PCR section in the integrated chip; (right) photograph of the PP
microvalve on the integrated chip. b Air and water tight sealing

PCR stage. In addition to the snug fit, application of
thrust (e.g. by weight) above the stub of the PP mi-
crovalve will also ensure a tight seal inside the access
holes.

Upon completion of the PCR, to enable fluid
transport from the PCR chamber to the CE section
for analysis, the channel layout and PP microvalve
were designed for controlled fluid flow, as described
subsequently. The channel that connects the PCR
chamber to the CE channel (Fig.2a) in the inte-
grated chip is interrupted at the ‘PCR valving and
flow control port’ (i.e. the access port to the left of
the PCR chamber). In Fig. 2a, this discontinuity in
the channel is represented as a ‘flow control eleva-
tion’ inside the access port and is achieved by an
unetched region in the lower glass substrate. Essen-
tially, this design ensures that pressurized fluid flow
from the PCR chamber to the CE section is only
achieved by a controlled fluid volume entering the
‘PCR valving and flow control port’ that is sealed by
either a short stem PP microvalve or by partially
unplugging the snug fit PP microvalve—as shown in
Fig. 2c. Although these valves are mechanically ro-
bust, they are recommended for single use particu-
larly in genetic analysis experiments that demand
contaminant-free components.
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by the PP microvalve during PCR and ¢ pressure driven fluid
flow unloaded from PCR chamber to the CE well is accom-
plished either by replacing the valve with a short stub valve or by
partially lifting the valve

2.3 ‘Stripping and re-silanizing’ (SRS) protocol for
chip reuse

It is well known (Shin et al. 2003; Yoon et al. 2002) that
hydrophobic surfaces elude problems associated with
adsorption of PCR reagents and DNA. Earlier studies
by Giordano et al. (2001a) and Shoffner et al. (1996) on
surface coatings to enable the PCR in chips conclu-
sively deemed it necessary to apply coatings for reli-
able amplification. For the silanization coating used in
this work, a single step alcohol-based non-hazard glass
silanizing chemical (SafetyCoat™, lot # A10707, J. T.
Baker, USA) was utilized and the virgin hydrophilic
glass surface of the PCR chamber was configured to be
hydrophobic. This was achieved by completely filling
the PCR chamber with the silanizing solution and
sealing the chamber air-tight with the PP microvalves.
After 30 min of incubation, the silanizing solution was
unloaded from the chamber and the chip was left to
air-dry for at least 4 h to ensure complete drying of any
residual silanizing solution. Applying either positive or
negative air pressure to the PCR chamber was also
seen to quicken the residual drying process. The
chamber was then rinsed with ‘DNAs and RNAs free’
water (Fluka, Sigma Aldrich Chemie GmbH, Switzer-
land) for a minimum of five rinses.
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To further extend this method as a unique chip
reusability technique we implement our ‘stripping and
re-silanizing’ (SRS) method as follows. First we strip
the silanization coating by treating with 10% NaOH
for 30 min and then flushing with coupes quantities of
‘DNAs and RNAs free’ water to dilute and remove any
residual NaOH; we observed that the remains of
NaOH prevent reliable re-silanization and could also
inhibit the PCR. This dilute NaOH treatment breaks
down the silane monolayer and hence strips the
monolayer coating, which re-exposes the clean (virgin)
hydrophilic glass surface in the PCR chamber. To then
reuse the PCR chamber, the chamber is again silan-
ized, which imparts a fresh hydrophobic surface coat-
ing prior to the proceeding PCR run. It should be
noted that prolonged exposure to higher concentration
of NaOH during the stripping process could cause
microscopic pitting on the glass resulting in improper
re-silanization and hence to be avoided (Cras et al.
1999). This unique SRS process can be repeated for as
many times between PCR experiments and as dem-
onstrated subsequently, avoids PCR CXC since it im-
parts a fresh coating prior to each PCR experiment.

2.4 PCR protocols

Two different template DNAs were selected for the
PCR experiments performed on SRS implemented
reused chips—purified plasmid DNA and HIV infected
DNA. For PCR experiments with the plasmid DNA
(ROC/ENE), the templates were used to amplify a
genetic sequence in the DNA using the M13 forward
and reverse primer as follows. A forward primer
comprised of 22 bases, 5-GCC AGG GTT TTC CCA
GTC ACG A-3’, and a universal reverse primer, with
17 bases, 5-CAG GAA ACA GCT ATG AC-3,
commonly used for sequencing any vector containing
the N-terminus of b-galactosidase (catg. # N530-02,
Invitrogen, USA), were utilized to yield a 500 basepair
(bp) PCR product. Both the primers were purchased
from Applied Biosystems, CA, USA, and the forward
primer was labeled with the fluorophore VIC. A PCR
master mix of 25 pl was prepared, of which approxi-
mately 3 pl was loaded in the PCR chamber and the
remaining was used as a control run performed on a
conventional 0.2 ml PCR tube. The protocol for the
PCR reaction master mix was as follows: 1 pl of each
primer (1 pM/ul), 2.5 pl of 10x PCR buffer [Tris HCI
200 mM (pH 8.5)], 2 pl of MgCl, (25 mM), 1 pl of
dNTPs (10 mM), 1 pl of Tag DNA Polymerase (5 U/
ul), 14.5 pl of molecular biology water (BioChemika,
Fluka, Sigma-Aldrich, Switzerland) and 2 ul of tem-
plate DNA at a concentration of 50 ng/ul in the case of

a positive control PCR experiment, or another 2 pul of
molecular biology water in the case of a negative
control PCR experiment. The PCR temperature cy-
cling parameters for this experiment consisted of an
initial denaturation at 94°C for 2 min, followed by 30
cycles of denaturation (94°C), annealing (60°C), and
extension (72°C) temperatures with a dwell time of
30 s at each temperature.

For the second set of experiments with HIV DNA,
the PCR reagents were obtained from the commer-
cially available Gene Amp® HIV-1 control reagent and
core reagent kit (Applied Biosystems, CA, USA). With
this sample, a 115 bp PCR product was amplified from
the gag region of the HIV-1 genome (AppliedBiosys-
temsUSA 2003-2004; Goodenow et al. 1989; Ou et al.
1988) using sequence-specific forwards and reverse
primers, SK38 (5-ATAATCCACCTATCCCAGTA
GGAGAAAT-3’) and SK39 (5-TTTGGTCCTTGTC
TTATGTCCAGAATGC-3), respectively. The primers
were also purchased from Applied Biosystems, and the
forward primer was labeled with the fluorophore VIC.
A PCR master mix of 100 pl was prepared and about
3 ul was loaded in the PCR chamber while the
remaining was utilized for a control run on a conven-
tional 0.2 ml PCR tube. The PCR protocol was as
follows: 2 ul of each primer (1 pM/ul), 10 ul of 10x
PCR buffer, 10 pl of MgCl, (25 mM), 16 pl of dNTPs
mix (200 uM of each dNTP), 0.5 pl of Tag DNA
Polymerase (5 U/ul), 49.5 I of molecular biology
water (BioChemika, Fluka, Sigma-Aldrich, Switzerland)
and 10 pl of HIV-1 template DNA (10° copies/ul) in
the case of a positive control PCR experiment, or an
added 10 pl of molecular biology water in the case of a
negative control PCR experiment. The PCR tempera-
ture cycling protocol for this experiment included an
initial denaturation at 95°C for 60 s followed by 35
cycles between 95 and 60°C with dwell times of 60 s at
each temperature. Thermal cycling for all the PCR
experiments was performed on the Thermo Electron
Px2 instrument (MA, USA).

To demonstrate the feasibility of performing PCR in
reusable chambers, all the positive and negative con-
trol PCRs were repeatedly performed in only one of
the nine PCR chamber in the integrated chip (i.e.
repeatedly reusing a single chamber) and the SRS
method was implemented in that chamber prior to
each run. The order of PCR experiments was as fol-
lows. A first set of PCR with positive control plasmid
DNA (expected PCR amplification of 500 bp) fol-
lowed by a negative control (no expected PCR
amplification), which will verify the absence of any
residual DNA between runs and consequently dem-
onstrate avoiding false-positive data. For a second set
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of PCR to verify the absence of false-negative data,
positive control HIV-1 DNA (expected amplification
of 115 bp) was performed followed by a negative
control (no expected PCR amplification).

2.5 CE protocol

The CE section on the integrated microfluidic chip
(Fig. 1) is constituted by a cross-channel design
(Crabtree et al. 2001) in which the sample and sample
waste, and buffer and buffer waste wells are connected
by two intersecting channels. The channels in the CE
section were loaded with a sieving medium (GeneScan
polymer, Applied Biosystems, CA, USA) using a syr-
inge. The sample waste, buffer and buffer waste wells
were filled with 3 pl of 1x TBE (lot # 994B82, Omni-
Pur, USA) running buffer and the sample well filled
with 2.7 pl of 0.1x TBE running buffer. A portion of
the PCR product from the PCR chamber was then
driven from the PCR chamber (as described earlier,
Fig. 2) to the CE sample well. Although the PCR
volume in the chip was about 3 pl, typically 0.3 pl of
the PCR product is sufficient for the CE analysis. Gi-
ven the current limitations in accurately dispensing
pressure driven fluid into the sample well, care was
taken to estimate a volume of the PCR product that
would be comparable to the typical requirement of
about 0.3 pul when pressure driving the PCR product
into the CE sample well. Finally, the high voltage
electrophoretic separation by CE and laser induced
fluorescence (LIF) detection of the primers and DNA
in the PCR product was performed using the Micro-

fluidic Tool Kit (uTk, Micralyne, Edmonton, Canada)
as described in prior work (Prakash et al. 2006).

3 Results and discussion
3.1 SRS method to reconfigure surfaces

To confirm the reusability of the chip through surface
modification, we employed contact angle (CA) mea-
surements of di-ionized (DI) sessile water drops dis-
pensed (approx. 5 pl) from a micropipette onto the
coated and uncoated glass surface, as shown in Fig. 3.
The CA measurements, performed at various points in
the process confirm that the surface of the glass can be
reversibly configured between its virgin hydrophilic to
a silanized hydrophobic state. The contact angle of the
DI water droplet on an uncoated glass surface is 14°
(Fig. 3a) and this extreme hydrophilicity causes unde-
sirable adsorption of PCR reagents. However, once
silanized the surface turns hydrophobic with a contact
angle of 116° as seen in Fig. 3b. At this stage the PCR
experiment can be performed in the silanized chamber.
To then reuse the chamber, first the silanization coat-
ing is stripped using NaOH as described before and the
contact angle measurement in Fig. 3c suggests a
hydrophilic surface (CA 16°), implying re-exposure of
the virgin glass surface. Now the surface is re-silanized
to form a fresh hydrophobic coating (Fig. 3d, CA 112°)
prior to performing another PCR in the chamber. As
observed in Table 1, this SRS method can be repeated
many times to create a freshly coated surface prior to

(a) Virgin glass surface

Repeat the SRS
method to continually
reuse PCR chip

(b) Silanized surface

(d) Re-silanized

eiform2ndiRCR

Again made
Hyrdophobic (CA=112°)

Hyrdophilic (CA= 14°)

(¢) Silanization stripped

P .
e

BEiform 15t RGR

/

Hyrdophobic (CA=116°)

A

Back to Hyrdophilic (CA= 16°)

Fig. 3 Microscope images of the contact angle of di-ionized
sessile water drops on silanized and unsilanized glass surface. a
Hydrophilic glass (CA 14°) causes adsorption and undesired for
PCR. b Hence the glass is configured to hydrophobic (CA 116°)
by silanization coating and PCR performed. ¢, d To then reuse
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the chip without contamination concerns, the silanization is
stripped (CA 16°) and re-silanized (CA 112°) between successive
PCR runs to result in a fresh coating prior to each experiment.
Contact angle measurements are within a 10% measurement
error
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Table 1 Contact angle measurement data on a glass surface that
is subjected to the ‘stripping and re-silanization’ (SRS) method

Sequential experiment history Contact angle

Virgin glass 14°
Silanized 116°
First SRS
Silanization stripped 16°
Re-silanized 112°
Second SRS 12°
120°
Third SRS 18°
114°
Fouth SRS 17°
116°
Fifth SRS 12°
118°
Sixth SRS 14°
121°
Seventh SRS 11°
112°

each PCR experiment. Subsequently we experimen-
tally demonstrate that either a false-positive or false-
negative PCR data can be avoided in reused chips
subjected to the SRS method.

3.2 Silinization: mechanism and advantages

Silanization is a process whereby free OH-groups on
the surface of a material are substituted by aprotic
organic groups. Since the affinity of protic liquids (e.g.
water) onto a surface is primarily controlled by the
density of OH-groups on the surface, the fewer the free
OH groups, lower will be the surface wettability by
water (i.e. higher contact angle—hydrophobic) (Felbel
et al. 2004). The reaction of free OH-groups with
trimethylchrolosilane (TMCS, the primary silane in
SafetyCoat™) results in a silanization (or covalent
endcapping) of the hydrophobic trimethylesilane onto
the surface, as shown in the equation below (Zhao and
Lu 1998).

Si—OH + C1-Si(CH3); — Si—O-Si(CHj;); + HCI
(1)

Prior to selecting the SafetyCoat'™ silanizing
chemical used here, dimethyldichlorosilane (DMDCS)
(Obeid et al. 2003; Shoffner et al. 1996), a commonly
used PCR chip silanizing chemical was also considered,
however, with the following shortcomings: required
special equipment (i.e. a desiccator)(Obeid et al. 2003)
to safely apply the coating, it was a hazardous chemi-
cal, required additional gases (e.g. chloroform) to en-
able silanization reaction, sometimes inhibited the
PCR amplification, could not be easily stripped once

applied, and is not reliably reproducible. However,
TMCS (silane in SafetyCoat™) is known (Sundberg
et al. 2003) to impart the most reproducible silaniza-
tion results, possibly because (Sundberg et al. 2003)
unlike di- and trichlorosilanes, the TMCS cannot form
dimmers/polymers; however with the other popular
silanes (e.g. DMDCS, octadecyltrichlorosilane, Sig-
macoat®), such products might be formed if sufficient
care is not taken to eliminate contaminating water/
humidity from the reagent or surface. The dimer/
polymer may then be adsorbed on top of the covalently
bounded silane monomers to various extents thus
resulting in poor reproducibility and repeatability
(Sundberg et al., 2003). Furthermore, the TMCS is the
smallest available monochlorosilane and hence facili-
tates its accessibility to surface silanol groups that are
sometimes difficult to reach due to steric hindrance
from alkyl chains (Rodriguez and Colon 1999).
Assuming a dominance of the TMCS silane in Safety-
Coat™ and a similar surface silanization effect to
earlier studies (Felbel et al. 2004; Zhao and Lu 1998),
silanization coverage of up to 85% of the surface can
be expected, which correlates well with our hydro-
phobic contact angle measurements.

Unlike other silanes, the SafetyCoat™ silanizing
chemical used in this work always showed good
reproducibility, reliability in coating integrity, consis-
tent PCR compatibility and more importantly it could
be easily stripped-off the coated surface (by the
method described earlier).

3.3 PCR-CE data from reused chip

Figure 4 shows the Electropherograms, a plot of Rel-
ative Fluorescence Intensity (RFU) versus Time, of all
the positive and negative control PCR experiments
performed on the integrated chip as an additional
confirmation to contact angle measurements on the
SRS reuse method to avoid CXC. The size of the
resulting PCR products is either verified by the arrival
time of the fluorescence peak as compared with the
separation of commercially available size standards,
GeneScan 500 (Applied Biosystems, CA, USA), on the
chip as shown in Fig. 4a, d, or by comparison with
AHindIII-¢X174Haelll sizers as separated on a 1%
agarose gel with ethidium bromide on a conventional
slab gel electrophoresis system. Figure 4b shows the
CE analysis of the first positive control PCR performed
with the plasmid DNA in a silanized PCR chamber. A
weak primer peak was seen at ~185 s and a stronger
product peak corresponding to about 500 bp was seen
at ~233 s indicating successful amplification. This is
followed by the analysis of the negative control run for
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Fig. 4 Electropherograms from CE analysis of PCR data on the
integrated chip. A single PCR chamber is reused implementing
the SRS method prior to each run. a, d Separation of DNA size
standards (GeneScan 500 Tamra) for comparison to estimate the
size of the PCR products. b, ¢ First set of positive and negative
control plasmid DNA PCR performed subsequent to each other
in a reused chamber. e, f Second set of positive and negative

the prior plasmid amplification. As expected, Fig. 4c
only shows a strong primer peak at ~185 s—confirming
the absence of amplification due to the lack of residual
DNA from the prior positive control run, thus verifying
the avoidance of false-positive data.

Figure 4e, f shows analysis of the second set of po-
sitive and negative control PCR performed in the same
SRS reused chamber; however, now with HIV-1 DNA
samples. For the positive control (Fig. 4e), a product
peak is seen at ~202 s preceded by a primer peak at
~192 s, clearly suggesting that the false-negative data
can also be avoided with the SRS method. Finally the
analysis of the negative control for the HIV-1 PCR in
Fig. 4f again verifies avoiding false-positive data. The
size of all the resulting PCR products was confirmed to
be of expected length from conventional control
experiments (data not shown) performed in 0.2 ml
tubes and was also verified from literature (Applied-
BiosystemsUSA 2003-2004; Goodenow et al. 1989; Ou
et al. 1988).

@ Springer
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control PCR with HIV-1 DNA performed in the same chamber
as earlier experiments, again implementing the SRS method
between runs. As expected, all positive controls showed
successful amplification and all negative controls showed lack
of amplification. The effectiveness of the SRS method to avoid
PCR CXC is experimentally verified

To establish the robustness of the SRS reuse meth-
od, all positive and negative control PCR experiments
were repeated at least thrice more than the data pre-
sented here with the earlier samples and an additional
siRNA vector sample in the same experimental se-
quence previously described. Figure 5 represents 20
such randomized sets of positive and negative control
experiments that repeatedly confirmed the absence of
either false-positive or false negative PCR data (i.e.
CXC) with this SRS reuse method. As seen in Fig. 5,
the three selected DNA samples include both strong-
positive PCR amplification (i.e. a high replication of
DNA even with small initial copy numbers) and weak-
positive PCR amplification (i.e. a comparatively lower
replication of DNA with about the same initial copy
number) characterized by peak fluorescence intensity
of the PCR product. For strong-positive amplification
sample even a small residue of previously amplified
material (i.e. contamination) might be sufficient to
yield detectable false-positive PCR amplification on a
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without false-positive or false- negative data in reused chips

5
41 @ Plasmid DNA PCR|
34 I siRNA vector PCR ‘
2 +HIV 1 DNAPCR
1 Negative
controls
0 +—@ +f¢f (No RFU

012345678 910111213 14151617181920 observed)
PCR experiment history

Sample specific Relative fluorescence
Intensity (RFU) of PCR product

Fig. 5 Experimental verification of PCR repeatability without
false-positive or false-negative data in reused chips implementing
the SRS method prior to each PCR run. The graph represents
experiment history performed sequentially with three different
samples (Plasmids, siRNA, HIV-1 DNAs) versus the obtained
normalized RFU at an expected PCR product location during
CE analysis. As expected, each positive control experiment
showed amplification (represented by a numerical RFU on y-axis
rounded to the nearest 0.5 U) with resulting PCR product
(500 bp for plasmids, 340 bp for siRNA or 115 bp for HIV-1)
and each of the consecutive negative control experiments for the
same sample showed no amplification (represented by null RFU
on y-axis)

consecutive negative control PCR run. However, with
weak-positive amplification samples a comparatively
larger residue may be required to yield detectable
false-positive PCR amplification. The chosen samples
cover a range of experimental complexity (i.e. varied
PCR yield), ideally suited to verify the feasibility of on-
chip PCR enhanced by the SRS reuse technique.

4 Conclusion

Unlike the CE channels which can be repeatedly re-
used (Ma et al. 2005) without much concern of false-
positive data, since comparatively many magnitudes of
larger contaminant samples will be required for a
detectable false-positive signal, the same is not the case
with PCR chambers. In PCR, even a single molecule of
nucleic acid contaminant, particularly from a previ-
ously amplified DNA, is sufficient to produce false-
positive data, and thereby PCR chambers are seldom
reused.

Here, we demonstrated an integrated microfluidic
PCR-CE chip with a unique reusability method. Our
reusability method ensures a fresh chamber surface
prior to each PCR experiment and this was imple-
mented by the SRS method. The SRS reuse method
utilized a silanizing chemical to alter the surface of the
glass PCR chamber from its virgin hydrophilic
(CA < 20°) to a hydrophobic surface (CA > 110°), and
a fresh silanization coating is applied prior to each
PCR experiment thereby avoiding CXC. Furthermore,

the hydrophobic approach is expected to retard
adsorption of PCR reagents increasing the reliability of
on-chip PCR.

We have verified the robustness of the SRS method
as a simple yet unique method to reuse PCR chips and
experimentally demonstrated that the method effec-
tively avoids PCR associated CXC (i.e. false-positive
and false-negative data) within the highly sensitive CE
detection limits. We also believe that if the SRS
method can be reliably applied to the highly sensitive
PCR, it could easily be implemented to reuse any glass
microfluidic device for most bio-applications including
the earlier described continuous flow PCR device
(Dorfman et al. 2005).

In the current integrated prototype chip, to enable
multiple CE analysis of a PCR amplification, the PCR
chambers have much larger fluid capacity than the re-
quired PCR sample volume typically utilized for CE
analysis (i.e. 0.3 pl); hence wastage of sample occurs in
the PCR to CE interconnecting channel when the PCR
product is pressure driven from the PCR chamber to the
CE section. However, in future prototypes this can be
overcome by designing a PCR chamber with only 0.3 pl,
as this will completely empty the chamber volume into
the CE section by using the same pressure driven flow
mechanism thereby avoiding sample wastage.

Here we also implemented a simple valving tech-
nique using the PP microvalves incorporated in the
PCR-CE chip to provided fluid/vapor retention during
the PCR temperature cycling and controlled fluid flow
from the PCR chamber to the CE section integrated
on-chip. While in the present demonstration the
operations of these valves are manual, the inclusion of
alternate materials, such as expandable gels, inside the
PDMS valves will enable automation by relatively
simple on-chip actuation (e.g. heat or light).
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