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In this study, we established a simple method for evaluating the PCR compatibility of various common
materials employed when fabricating microfluidic chips, including silicon, several kinds of silicon oxide,
glasses, plastics, wax, and adhesives. Two-temperature PCR was performed with these materials to deter-
mine their PCR-inhibitory effect. In most cases, adding bovine serum albumin effectively improved the
reaction yield. We also studied the individual PCR components from the standpoint of adsorption. Most
of the materials did not inhibit the DNA, although they noticeably interacted with the polymerase. We
provide a simple method of performing PCR-compatibility testing of materials using inexpensive instru-
mentation that is common in molecular biology laboratories. Furthermore, our method is direct, being
performed under actual PCR conditions with high temperature. Our results provide an overview of mate-
rials that are PCR-friendly for fabricating microfluidic devices. The PCR reaction, without any additives,

Keywords:

Bovine serum albumin (BSA)
Microfluidics

PCR (polymerase chain reaction)
PCR compatibility

Polymerase
Surface passivation

performed best with pyrex glass, and it performed worst with PMMA or acrylic glue materials.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Microfluidic chips have a variety of applications in the biological
sciences and medicine. In contrast with traditional experimen-
tal approaches, microfluidics entails lower sample and reagent
consumption, allows faster reactions and enables efficient sepa-
ration. Additionally microfluidics offers other advantages accruing
from the fluids’ various distinct behaviors, such as energy dissipa-
tion, fluidic resistance, laminar flow, and surface tension. Biological
molecules suspended in fluid and transported through microflu-
idics channels interact with the channel-wall material [1,2]. This
interaction is even stronger in high surface-area-to-volume ratio
(SAVR) microfluidic channels.

Currently large numbers of materials are used in microfluidic
chip production including silicon, glass, various plastics and oth-
ers. Adsorption and inhibition of biomolecules occur when these
materials come in contact with biomolecular reaction components.

Abbreviations: RBI, relative band intensity; SAVR, surface-area-to-volume ratio;
WRBI, weighted RBI.

* Corresponding author at: Division of Physical Sciences and Engineering, 4700
King Abdullah University of Science and Technology, Thuwal 23955-6900, Saudi
Arabia. Tel.: +966 2 8084556; fax: +966 2 8020140.

E-mail addresses: rimantas.kodzius@kaust.edu.sa, kodzius@gmail.com
(R. Kodzius), xiaokang@ustc.edu (K. Xiao), ian.foulds@kaust.edu.sa (I.G. Foulds),
phwen@ust.hk (W. Wen).

0925-4005/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2011.10.044

Both adsorption and inhibition are problems that best be avoided
because the reaction will not be successful even when one of the
components will be inhibited [1,3]. Polymerase chain reaction
(PCR) is a thermal cycling procedure for amplifying target DNA.
The PCR compatibility of silicon, silicon dioxide (SiO,) and other
surfaces have been studied; however the results are inconclusive
[1,2,4,5].

Usually for protein-surface interaction measurements, bulky
and expensive equipment is used, such as atomic force microscopy
(AFM), scanning or transmission electron microscopy (SEM, TEM),
spectrophotometric protein concentration measurement, Fourier
transform infrared spectroscopy (FTIR) or X-ray photoelectron
spectroscopy (XPS). Further, tests like SEM, TEM and XPS must be
performed in vacuum, where water is removed from the sample
[6-9]. Although AFM works at ambient temperature, even in liquid
the surfaceis visualized only over avery small area[7,8,10-12]. FTIR
is suitable only for micro-samples, allowing the molecular bond and
grouping vibrations to be deducted [7,13-16].

We designed a simple, relatively quick measurement that only
requires a PCR cycler; thus it mimics actual conditions in PCR
cycling. In our study, we evaluated the inhibitory affect of differ-
ent materials on PCR, which is one of the most frequently used
enzymatic reactions in microfluidics [7,17-21]. The PCR reaction
components include the DNA template, primers, DNA polymerase
(polymerase), dNTPs, a buffer, divalent ions (MgCl,), and KCl. The
main component in this reaction is heat-stable polymerase. PCR
consists of 20-40 of repeated cycles, with temperature transitions
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between ~55°C and ~95°C. Current developments allow for
temperature cycling between ~71°C and ~91°C or even lower
temperatures [22]. Lower Ty, enables a wider choice of materials
for the PCR.

Initially, most PCR microfluidic devices were fabricated from
silicon, as effective technologies had been derived directly from
semiconductor fabrication. More recently, owing to demands for
specific optical characteristics, bio- or chemical compatibility,
lower production costs, and faster prototyping microfluidics, glass,
polymers and other materials have been utilized instead.

Adsorption to silica surfaces is caused by the selective action
of SiOx—surface silanol (Si-OH) groups on polar molecules, which
is itself a result of a combination of ionic and hydrogen bonding
effects. As such, polar molecules such as DNA and the polymerase
can be adsorbed by chip material. As early as 1996, Shoffner et al.
noted some surface interaction in PCR [1]. Taylor suggested adding
carrier-protein bovine serum albumin (BSA) to the PCR mix to com-
pete with Taq polymerase for adsorption at the chip walls [2]. BSA
is thought to compete with the polymerase for adsorption at the
chip walls and, thus, to improve PCR yields [2]. The adsorption
mechanism of Taq polymerase [11] and BSA protein [9,23] has been
extensively studied. BSA also acts as a polymerase competitor in the
inhibitor chelation [24]. Additionally, BSA facilitates primer anneal-
ing, stabilizes both the DNA and the polymerase, and, in so doing,
acts as an osmo-protectant. In subsequent years, many more adju-
vants, along with passive and active coating strategies, have been
investigated [21]. Jeyachandran et al. showed that BSA molecules
can be adsorbed to both hydrophobic and hydrophilic surfaces [23]
with differing adsorption mechanisms and rates [9]. Prakash et al.
systematically studied polymerase adsorption on 13 materials [11],
but this study did not use actual PCR conditions, and thus the
results are not necessarily translatable to PCR compatibility due
to the temperature dependence of adsorption. And while a variety
of materials have been tested for PCR compatibility [11], our study
is the first to investigate a wide range of materials. Some solutions
that avoid the problem of inhibitory effects of certain materials’ in
enzymatic reactions, such as PCR, have been reported [21,25]. For
example, material surface passivation can be achieved by passive
coating (“static passivation”) or by active coating (“dynamic passi-
vation”). In the former, chemical or biological molecules are applied
to the microchannel surface prior to the PCR reaction; in the latter,
additives are included in the reaction mix. Passivation techniques
are well described in reviews of Zhang et al. [21,25].

To access the material inhibitory properties, we decided to
perform only dynamic passivation using BSA, the most common
adjuvant in microfluidic PCR. Adsorption of BSA to both charged
and hydrophobic surfaces has been assessed widely [23]. Other
chip-surface-treatment materials act in a similar way - limiting
the access of reaction components to the surface. All of our PCR
reaction solutions contained adjuvant betaine, a common additive
in most PCR commercial optimization kits [26]. Betaine acts as an
osmoprotectant for polymerase, thereby increasing its resistance
to denaturation.

PCR reaction optimization through choice of surface materials
is of the upmost importance, as it enables and improves enzymatic
reaction in microfluidics. Our assessment of the PCR compatibility
of various materials commonly used while producing microfluidic
devices is also pertinent and beneficial to other enzymatic reactions
in microfluidic devices.

2. Materials and methods
2.1. Materials investigated

The following materials were tested for PCR compatibility:
polymethyl-methacrylate (PMMA) (cast acrylic sheets Clarex A

from Nitto Jushi Kogyo Co. Ltd.), polycarbonate (PC), polyvinyl
chloride (PVC), polypropylene (PP, from a 200 .l PCR tube), poly-
tetrafluoroethylene (PTFE), cured polydimethylsiloxane (PDMS),
three kinds of wax with melting temperatures (Tp,) of 56 °C (white
wax: paraffin from Nacalai Tesque), 60°C (yellow wax: shiftwax
from Nikka Seiko) and 80 °C (black wax: wax W from Apiezon), sil-
icon (origin silicon wafer), SiO, of 560 nm thickness (carrier silicon
wafer), quartz, pyrex glass, indium tin oxide (ITO) glass, soda-lime
glass, cured SU-8 epoxy-based negative photoresist (SU-8), Nor-
land Optical Adhesives 61 (NOA61) and 68 (NOA68) exposed to
ultraviolet light (UV) light for 2 min, dried epoxy and acrylic glues,
metallic iron tubes 0.9 mm in diameter and 12.9 mm in length,
and mineral oil for molecular biology (Sigma). Ten microliters of
mineral oil were used in the pertinent PCR compatibility test. The
other solid materials were manually broken into small fragments
using surgical scissors, and a sample of size >5mm? was added
to each PCR reaction tube. Assuming (according to our observa-
tions) that the sample was fragmented into more than 10 and up to
100 pieces, we calculated the total surface area of the material to
be in the range of 4.7 x 101-1.8 x 102 mm?. For the 10 wl mineral
oil used, the total surface area was ~3.5 x 10! mm?Z. Due to differ-
ent material mechanical properties, fragmentation did not result in
the same size fragments; therefore it is difficult to provide precise
SAVR. The approximate calculated value of SAVR for used materi-
als varies from 9.4 x 10° to 3.5 x 10! mm? /.l (oil SAVR value was
~3.5 x 109 mm?2/pl). That is an order of magnitude higher than for
the SAVR of 1.5 x 10° mm?/ul in a conventional PCR reaction tube
(e.g., Perkin-Elmer MicroAmp Reaction Tube) [1].

2.2. PCR methodology

PCR is used to amplify selected sections of DNA. Two-
temperature PCR is fast, efficient, and applicable to varying
conditions. For current primer pair, the optimized conditions were
Te=71°C and T;=91°C. The PCR was performed as published in
[22,27], except than the final concentrations for the primers were
0.75 M and for the SpeedStar HS DNA polymerase they were
0.025 U/pl. Distinguishing the inhibitory effect of strongly inhibit-
ing materials would be difficult if the PCR reaction volume is low.
Basically, the reaction would be immediately inhibited without
noticing the difference between various materials. To clearly dis-
tinguish the inhibitory effect of strong inhibitors the PCR reaction
volume was set at 30 p.l. This volume also facilitated recovering the
PCR mix after incubation with the material.

Detecting the PCR product was achieved by running samples
in 4% agarose gel containing SYBR Safe DNA stain (Life Technolo-
gies) and by subsequent gel imaging. The band relative intensity
was quantified using Image] version 1.43 software (developed at
the National Institutes of Health) by subtracting the background
noise level, etc. and measuring the area of the peak. The obtained
value for the band intensity was defined as the relative band inten-
sity (RBI). To relate the RBI to the surface area and the volume of
the material, we also defined the weighted RBI (WRBI) as the ratio
between RBI and SAVR. The WRBI helps to clarify possible varia-
tions in the results, and it reduces the uncertainty introduced by
our fracturing method on the SAVR.

2.3. Total reaction inhibition experiment

As indicated in Fig. 1, two PCR master mixes were prepared and
distributed among 24 wells in a 96-well plate. The first PCR mix
was prepared without BSA; the second contained BSA at a final
concentration of 2 pg/pl. The PCR mix was added to the material
fragments to test the PCR compatibility. The tubes were briefly vor-
texed to mix the material with the PCR solution, incubated on ice for
30 min, and then PCR was performed on a bench thermocycler. The
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Fig. 1. The PCR compatibility assay. Both the total reaction inhibition experiment and DNA or polymerase adsorption experiments are described. The PCR is performed using
bench thermocycler, and subsequent imaging is done on agarose gel. The control experiment was done running PCR without including any of material (“no additives” part,

see Fig. 2).

method we used to determine which PCR component was inhibited
by our tested materials was to simply omit one of the PCR compo-
nents during the PCR setup. The component was then added and
incubated with the tested material for 30 min. Usual PCR prepa-
ration times do not exceed more than 30 min. Additionally, for up
to 2h we do not expect changes in adsorption, because previous
research shows that BSA adsorption is restricted to a monolayer
with incubation times of less than 2 h [28]. The highest temperature
reached in two-temperature PCR was 91 °C. With an even higher Ty,
we expect stronger material inhibition on PCR, as multiple sources
have shown that amount of surface adsorbed proteins increases
at elevated temperatures [29-32]. With two-temperature PCR we
could use a lower T, [33], which would enable a wider choice of
materials for the PCR. After PCR, the materials were removed and,
for visualization, the amplification products were loaded directly
onto the gel.

2.4. DNA and polymerase adsorption experiments

After extracting the PCR mixture, the missing PCR component
was added to complete the PCR mixture. PCR was performed to
determine if the signal was as intense as the control PCR. If the signal
is at the same intensity, then the component under test, which was
incubated with the tested material, was not adsorbed. A diminished
signal indicates that the material adsorbs some of PCR component
under test, as that particular PCR component was incubated with
the tested materials.

As shown in Fig. 1, two different PCR mixes were prepared, both
without additive BSA. For the DNA adsorption experiment, the PCR
mix was prepared without the polymerase, whereas, for the poly-
merase adsorption experiment, template DNA was omitted. Thirty
microliters of the PCR mix was distributed into tubes containing

fragmented material. The tubes were briefly vortexed in order to
mix the PCR solution with the material, after which they were incu-
bated on ice for 30 min. Then, 10 .l of the PCR mix, separated from
the material, was extracted and transferred to the new tubes. A
0.3 1 (1.5U) quantity of the SpeedStar polymerase was added to
the tubes lacking the polymerase. One microliter (corresponding
to 2,000,000 dsDNA molecules) of template solution was added to
the tubes with the PCR mixture lacking template DNA. PCR was per-
formed with the cycling conditions T, =71 °Cand T; =91 °C each for
20, for 35 cycles. The products were then loaded onto the gel for
visualization.

3. Results and discussion
3.1. PCR inhibition phenomena

Although some literature reports ideal BSA concentrations rang-
ing between 0.5 and 1.0 pg/pl, BSA has been utilized on chips
at concentrations as high as 2.5 g/l [2,24,34,35]. In fact, in our
present experiments, the positive controls revealed that BSA at
the 2 g/l concentration had no negative influence on the PCR.
Previous research showed that BSA adsorption is restricted to a
monolayer with incubation times of less than 2 h and at concentra-
tions lower than 10 g/l [28].

To assess a material’s compatibility with PCR, we included a
wide range of materials used in microfluidics. PCR with those mate-
rials, but without BSA, revealed which materials are PCR-inhibitory.
Successful PCR produces more DNA; the fluorescent band on the
gel is more intense, and, therefore, the RBI value is higher. When
measuring and quantifying the values of RBI, virtually no signal
(RBI<1.9 x 102) was detected in PCR with PMMA, waxes (T, 56 °C
and 60°C), ITO glass, SU-8, NOA61, epoxy, and acrylic glues. Only
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Fig. 2. Amplification of 71 bp CMV fragment. More intense band indicates successful PCR (no or little material inhibition).

a weak signal (RBI<8.4 x 102) was obtained in PCR with PC, PVC,
silicon, silicon with a layer of 560 nm SiO,, and the metal tubes.
However, if BSA was included in the PCR mix, a strong signal
(RBI>1.4 x 103) was obtained for the PMMA, PC, PVC, wax (T,
56°C), silicon, silicon with a layer of 560 nm SiO,, SiO, quartz,
ITO glass, NOA61, and the metal tubes. We conclude, therefore,
that wax (T;; 60°C) (RBI=1.9 x 102), SU-8 (RBI=5.5 x 10!), and
the epoxy glue (RBI=1.1 x 102) are PCR-inhibitory with or without
additive BSA. Most PCR-friendly materials exhibit similar signals
regardless of the inclusion or not of BSA in the PCR mixture; these
materials are PP, PTFE, PDMS, wax (T, 80°C), SiO, quartz, pyrex
and soda-lime glasses, NOA68, and mineral oil (Figs. 2 and 3 and
Table 1).

Next, we determined which reaction components are inhibited
by the included materials. Theoretically, every PCR reaction com-
ponent could be tested for possible inhibition within microfluidics
channels; however, we decided to restrict the choice to the test-
ing of materials possibly inhibitory of the key components of the
PCR mixture, which are the DNA and the polymerase. In order to
simulate natural PCR conditions, BSA was not included in the PCR
mixture.

The PCR reaction contains template DNA, primers and free
dNTPs. Since primers and dNTP are in excess, we concentrated
on template DNA. Also, template DNA is much longer than either
primers or dNTP. Thus, if template DNA were adsorbed, the shorter
DNA molecules would be adsorbed as well, due to the kinetic nature
of adsorption (i.e., smaller molecules are more prone to being
adsorbed).

Our results showed that there was near total adsorption of tem-
plate DNA when the wax (T, 60°C) was used (RBI=9.2 x 101).
In contrast, when NOA61, mineral oil and acrylic glue materials
were employed, significant adsorption occurred (RBI<1.5 x 103).
As shown in Figs. 2 and 4 and Table 2, the other examined mate-
rials did not exert any noticeable effect on the template DNA
(RBI>3.0 x 103). DNA is a polyanionic molecule; therefore, it is not
expected to bind to hydrophobic surfaces [36]. Our observation that
DNA is not adsorbed in noticeable amounts is in agreement with
the previous literature [37]. Additional inhibitors that reduce the
final PCR product by interacting with DNA, such as humic acid, col-
lagen, and melanin, are also discussed in [37]. Some inhibitors, such
as hematin and melanin, might affect the processivity (the rate of
extension) of the polymerase during primer extension [38].
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Fig. 3. PCR inhibition through various materials. Comparison of PCR mix without BSA (red bars) or containing BSA (blue bars). The calculated WRBI range is indicated for
each of material. Lower WRBI values indicate inhibition, whereas higher WRBI values means less inhibition. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

We characterized the SpeedStar polymerase adsorption onto with a layer of 560 nm SiO,, SiO, quartz, pyrex, and soda-lime
the investigated materials. Here, we observed more significant glass. Slight polymerase inhibition (RBI<9.2 x 102) was observed
effects on the PCR efficiency. The polymerase-inhibition exper- with PMMA, PVC, waxes (T, 56°C and 80°C), silicon, and
iments indicate that following materials do not have strong NOAG68. A very strong or near total inhibition (RBI<1.8 x 10%)
effects (RBI> 1.1 x 103) on polymerase: PC, PP, PTEE, PDMS, silicon was observed with wax (T, 60°C), ITO glass, SU-8, NOA61,

Table 1
PCR inhibition through various materials. Comparison of PCR mix without BSA or containing BSA. The measured RBI and calculated range of WRBI are indicated. N.A.—not
applicable.

Material RBI, standard WRB], standard RBI, +BSA WRBI, +BSA

PMMA 6.0 x 10! 1.7 x 109~6.4 x 10° 1.4 %103 3.9x10'~1.5 x 102
PC 7.7 x 10? 2.2x10'~8.2 x 10! 1.6x10° 46x10'~1.7 x 102
PVC 6.9 x 102 2.0x10'~7.4 x 10 2.5x103 7.1 x 10'~2.6 x 102
PP 1.4x10° 4.1 x10'~1.5 x 102 2.7 x 103 7.6 x 10'~2.8 x 102
PTFE 1.4 %103 4.1x10'~1.5 x 102 2.8x 103 7.9 x 101~2.9 x 10?
PDMS 2.2 x10° 6.4x10'~2.4 x 102 29x10% 8.4 x10'~3.1 x 10%
Wax (Tp, 56°C) 1.1x 102 3.2x10°~1.2 x 10 1.5%x10° 44x10'~1.6 x 102
Wax (T, 60°C) 1.1x 102 3.3 x10°~1.2 x 10" 1.9 x10? 5.3 x 10°~2.0 x 10!
Wax (Ty, 80°C) 1.0x10° 3.0x10'~1.1 x 102 32x10% 9.2 x10'~3.5 x 102
Silicon 2.2x102 6.4 x10°~2.4 x 10" 3.2x103 9.1 x10'~3.4 x 102
Si0, 5600 A 4.4 x10?% 1.3 x10'~4.7 x 10! 4.1x10% 1.2 x 102~4.3 x 102
Si0, quartz 29x103 8.3 x10'~3.1 x 102 3.5x103 1.0 x 102~3.8 x 102
Pyrex glass 33x103 9.5 x 10'~3.6 x 102 4.1x103 1.2 x 102~4.4 x 102
ITO glass 9.1 x 10! 2.6 x 10°~9.7 x 10° 33x103 9.4 x10'~3.5 x 102
Soda-lime glass 2.8x10° 8.1 x10'~3.0 x 102 4.1x10% 1.2 x 102~4.4 x 10?
Sus 8.2 x 10! 2.4 x10°~8.8 x 10° 5.5 x 10! 1.6 x 10°~5.9 x 10°
NOAG61 1.9 x 102 5.4 x10°~2.0 x 10" 4.5x103 1.3 x 102~4.8 x 102
NOAGS 2.9x10° 8.4 x10'~3.2 x 10? 4.5 %103 1.3 x 102~4.8 x 10?
Epoxy glue 9.1 x 10! 2.6 x 10°~9.7 x 10° 1.1x10? 3.0x10°~1.1 x 10!
Acrylic glue 6.0 x 10! 1.7 x 10°~6.4 x 10° 5.9 x 102 1.7 x10'~6.4 x 10!
Metal tubes 8.4 x10% 2.4x10'~9.0 x 10" 3.0x 103 8.6 x 10'~3.2 x 102
Mineral oil 12x103 3.4x102~3.6 x 102 34x10% 9.4 x102~1.0 x 10°

No additives 1.8x10° N.A. 41x10° N.A.
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Fig. 4. PCR inhibition through material interaction with template DNA—where the polymerase has been added after the rest of the PCR mix has been incubated with
the material under test. This is to avoid interaction between the material under test and the polymerase (red bars). PCR inhibition through material interaction with
polymerase—where the DNA has been added after the rest of the PCR mix has been incubated with the material under test. This is to avoid interaction between the material
under test and the DNA (blue bars). The calculated WRBI range is indicated for each of material. Lower WRBI values indicate inhibition, whereas higher WRBI values means
less inhibition. See Section 2.4 for further description of the method. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)

metal tubes, mineral oil, epoxy, and the acrylic glues (Fig. 2 and
Table 2).

The possible variation of the SAVR between different materi-
als due to the fracturing process leads to a limited estimate of
the SAVR. Without a precise estimate of the SAVR, the compo-
nents listed in Tables 1 and 2 should be compared with caution.
The difference for PCR-compatibility may be also due to the
SAVR; i.e. a slightly incompatible material with a high SAVR
might appear worse than a very incompatible material with a low
SAVR. To this end, the WRBI values have been plotted to pro-
vide an estimate of the uncertainty present in the measurements
(Figs. 3 and 4).

3.2. Material inhibitory effect

Silicon has been widely used to fabricate PCR chips, as it has
a very high thermal conductivity and is easy to fabricate. Our
finding that bare silicon has a stronger inhibitory effect on the
polymerase than SiO, (RBI=2.2 x 102 versus RBI=4.4 x 10% with-
out BSA) is in line with the literature [1,2,4]. Surprisingly, SiO,
quartz (RBI=2.9 x 103), which already has been used in microflu-
idics [39-41], does not have as strong of an effect as silicon or
silicon with a 560 nm layer of SiO,. Because SiO, has at least 12
crystalline forms [42] which may be produced by both oxidation or
chemical reaction deposition, its inhibition properties need further
investigation.

We also compared three kinds of oxides: pyrex, soda-lime,
and ITO. According to earlier findings, pyrex and soda-lime
glasses (RBI=3.3 x 103 and 2.8 x 103, respectively) allow amplifi-
cation without additive BSA [7], whereas ITO glass requires that
BSA be included in the PCR mix (RBI=9.1 x 10! without BSA
and 3.3 x 103 with BSA) [43]. SU-8 was found to be inhibitory
both with and without BSA (RBI<8.2 x 10!) in the PCR mix-
ture. Untreated SU-8 had already been shown to be inhibitory
[11,44].

NOA61 and NOAG68 are liquid photopolymers that are cured by
exposure to UV. Whereas NOA61 is more suitable as an adhesive for
glass and metal, NOAGS is an excellent choice for plastics. NOA68
has a higher viscosity (22,000 CPS) than NOA61 (300 CPS). Despite
such small differences, commercial product NOAG68 is significantly
more PCR-friendly than NOA61 (RBI=2.9 x 103 vs. 1.9 x 102). For
the NOA61 material, the PCR amplification was successful only
with the additive BSA. Acrylic glue, for its part, is more PCR-
friendly than epoxy glue and performs better when BSA is included
(RBI=5.9 x 102), whereas the PCR with the epoxy material was a
failure (RBI=1.1 x 102). Therefore, we recommend that acrylic glue
be used instead of epoxy.

Metal tubing reduces the PCR yield through inhibition of the
polymerase rather than by binding to template DNA (RBI = 1.5 x 102
vs.3.0 x 103). Panaro et al. observed that PCR is inhibited with other
metals, such as stainless steel, titanium [45], 1.0 x 10! mm? sur-
face area platinum [46], and 1.2 x 10! mm? gold nanoparticles [47].
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Table 2

PCR inhibition through material interaction with template DNA or the polymerase correspondingly. The measured RBI and calculated range of WRBI are indicated. N.A.—not

applicable.
Material RBI, interaction with DNA WRB, interaction with DNA RBI, interaction with polymerase WRB, interaction with polymerase
PMMA 4.6x103 1.3 x 10?~5.0 x 10? 3.4 x10% 9.7 x 10°~3.6 x 10!
PC 40x10° 1.2 x 102~4.3 x 102 1.5x 103 43 x10'~1.6 x 102
PVC 54 x10° 1.5 x 102~5.8 x 102 9.1 x 102 2.6 x 101~9.7 x 10!
PP 4.1x103 1.2 x 102~4.4 x 102 1.7x103 4.8 x10'~1.8 x 102
PTFE 3.5x 103 1.0 x 102~3.8 x 102 1.6x 103 4.6 x10'~1.7 x 102
PDMS 45x%x10° 1.3 x 102~4.8 x 102 1.7 x 103 49 x10'~1.8 x 102
Wax (Tr, 56°C) 3.7x10° 1.1 x 102~4.0 x 102 3.2 x 102 9.1 x 10°~3.4 x 10"
Wax (T, 60°C) 9.2 x 102 2.6 x 10°~9.8 x 10° 1.0 x 102 2.9x10°~1.1 x 10!
Wax (T, 80°C) 43x10° 1.2 x 102~4.5 x 102 9.2 x 102 2.6 x10'~9.8 x 10!
Silicon 3.4x10° 9.7 x 101~3.6 x 102 4.3 x10? 1.2x10'~4.6 x 10!
Si0, 5600 A 3.8x10% 1.1 x 102~4.1 x 102 1.5x 103 43 x10'~1.6 x 102
Si0; quartz 3.7x10% 1.0 x 102~3.9 x 102 1.1x10° 3.2x10'~1.2 x 102
Pyrex glass 33x103 9.6 x 101~3.6 x 102 2.0x10° 5.7 x 101~2.1 x 102
ITO glass 42 %103 1.2 x 10°~4.5 x 10? 1.8 x 10? 5.3 x 10°~2.0 x 10!
Soda-lime glass 43x 103 1.2 x 102~4.5 x 10? 1.7 x10° 49x10'~1.8 x 10?
Su8 4.1x103 1.2 x 102~4.3 x 102 1.0 x 102 2.9 x10°~1.1 x 10!
NOAG61 1.5%x 103 4.3 x10'~1.6 x 102 8.1 x 10! 2.5 x10°~9.5 x 10°
NOAG68 3.9x103 1.1 x 102~4.2 x 102 3.9x103 1.1 x10'~4.2 x 10!
Epoxy glue 42x10° 1.2 x 102~4.5 x 102 8.0 x 10! 2.3x10°~8.6 x 10°
Acrylic glue 9.4 x 102 2.7 x10'~1.0 x 102 8.4 % 10! 2.4 x10°~9.0 x 100
Metal tubes 3.0x 103 8.7x10'~3.3 x 10? 1.5 x 10? 4.4x10°~1.6 x 10!
Mineral oil 7.6 x 102 2.1x10%2~2.2 x 102 3.4x10! 9.6 x 109~1.0 x 10!
No additives 9.8 x 10? N.A. 2.0 x 102 N.A.

To overcome this inhibition, they suggest adding excessive EDTA
followed by the same amount of Mg2* [48].

Mineral oil has little influence on PCR performance
(RBI=1.2 x 103 without BSA and 3.4 x 103 with BSA), which
is understandable because mineral oil is inert and, as such, does
not interact with magnesium ions. Mineral oil has had a long
association with PCR; the first thermocyclers used it in place of
top heaters to cover PCR mixtures and avoid evaporation. Some
polymers treated by native or molecular biology mineral oil may
have negative (Buna-N, silicone) or positive (Santoprene) effect
on PCR [45]. Because mineral oil has many kinds, we advise
that further testing be conducted to determine the best kind for
PCR.

Among the six different plastics tested, the least inhibitory are
PP, PTFE, and PDMS (RBI> 1.4 x 103 without BSA). Conventional
tubes, multiwell plates, and microchips for PCR are fabricated
from PP [49]. PTFE is a synthetic fluoropolymer, an inert material
that has already been used in microfluidics PCR [18]. PDMS, too,
is well known, and it has extensive use in microfluidics, includ-
ing PCR [46,50,51]. When BSA was included in the reaction mix,
PMMA, PC, and PVC were found to be suitable for microfluidics
(RBI>1.4 x 103).

The various waxes do not form a chemically homogeneous
group. All waxes are water-resistant materials composed of var-
ious substances, including long-chain (from 12 to 38 carbon
atoms), hydrocarbons, ketones, alcohols, aldehydes, sterol esters,
alkanoic acids, terpenes, and monoesters, which are solid over
a wide temperature range. Wax, not only chemically, but also
some of its by-products, can influence PCR performance. Because
wax has been receiving more attention in the microfluidics field,
we included it in our assay [22,52-55]. We tested three kinds
of wax obtained from three companies. We observed that wax
with T;; =80°C is the most PCR-compatible (RBI=1.0 x 103 with-
out BSA and 3.2 x 103 with BSA). Also, amplification could be
performed by adding BSA (RBI=1.5 x 103) when using wax with
Tm=56°C. Wax with T,;,;=60°C, however, was found not to be
compatible with the PCR reaction, as it totally inhibited the
reaction despite the inclusion of BSA (RBI=1.9 x 102). In our
previous work, we demonstrated that wax with T;; =60°C still
can be used for PCR by doubling the polymerase concentration
[22].

This study of the inhibitory effect of various common microflu-
idics materials has provided a new rapid testing method using only
a PCR cycler, and it has confirmed and expanded the list of tested
materials.

3.3. Achieving successful PCR

In this publication, we provide a simple method for analyzing
the inhibition mechanism (DNA template loss versus polymerase
loss) that enables the extrapolation of a material’s PCR compatibil-
ity from this work to other studies.

Indeed, the simple PCR inhibition test described herein can be
used to choose the most friendly microfluidics materials or to eval-
uate the wide range of additives to be included in PCR. In our
experiments, we demonstrated that BSA enhances the PCR prod-
uct yield for most of the tested materials; the most visible effects
(RBI change difference is more than 9 times) were with PMMA,
wax (T, =56°C), silicon, silicon with a layer of 560 nm SiO,, ITO
glass, NOA61, and acrylic glue. Some polymerases were adsorbed
on the surface more than others [7], but, by increasing the DNA
or the polymerase concentration, PCR amplification products were
obtained even without any additives (results not shown). In such
cases, the entire DNA or the polymerase was probably not inhib-
ited or adsorbed, so the remaining free DNA or polymerase was
sufficient for successful amplification. Regardless, careful selection
of the right PCR components helps to improve the product yield.
Further, oil, in the form of water-in-oil droplets, helps to minimize
the contact of PCR reaction components with wall materials, and,
because mineral oil is non-inhibitory, we advise using it. Addition-
ally, due to the effectively reduced interaction between materials
and the PCR components, two-temperature PCR with a low dena-
turing temperature (T;) allowed for wider material choice in chip
production. Employing real-time PCR, moreover, could help under-
stand the general mechanism of that interaction. Real-time PCR
experiments have been conducted for Si and SiO, inhibitory effects
[5], as well as to determine the effects on the various PCR inhibitors
[38].

Quantifying the PCR compatibility of the tested materials is
possible by measuring the SAVR and relating it to the changes of
the PCR outcome. Although obtaining powder of various materials
by physically smashing is possible, this method makes estimating
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the SARV difficult. The surface area of nanoparticles as small as
5nm can be easily calculated and the area can be correlated to
the PCR inhibitory effect. Wan et al. showed that the PCR product
yield is modulated by the total surface area of gold nanoparticles
regardless of the size [47]. Gonzales et al. tested tubing of various
fluoropolymers. He concluded that tubing up to 40 cm (internal
diameter 5.0 x 102 m, inner surface area 6.3 x 102 mm?) can be
used safely, while the longer tubing of 3 meters (inner surface area
4.7 x 103 mm?2) adsorbs the DNA and Sybr Green I, a DNA stain
substantially to the tubing walls resulting to severely subsequent
PCR inhibition [56]. Knowing the tubing diameter, the surface area
can be calculated. For example, the surface area of conventional
200 1 PCR tube is 3.0 x 10! mm?. However, its not easy to obtain
tubing of some materials and perform test PCR for inhibition.
Panaro et al. machined a 1 mm diameter and 25 mm long channel
into plastic materials, for the incubation of PCR mixture. He also
used a 16-gauge punch to cut small pieces of gasket material in
diameter of 1 mm with a total surface area of 4.0 x 10! mm? [45].
Our inhibition investigation method provided means for a fast PCR
inhibition test of a wider range of materials than previously tested.
The results are suitable for semiquantitative measuring of inhibi-
tion, as choosing similar amounts of various materials will provide
only an estimate value of SAVR (the total material surface area was
4.7 x 101-1.8 x 102 mm?). However, our method is well suitable
for indicating materials that are severely problematic for microflu-
idics. In a higher SAVR environment, more DNA or polymerase may
be needed to avoid the inhibitory effect, as even seemingly friendly
materials may become problematic due to the adsorption of PCR
components. In our current study, only PCR with the addition
of 60°C yellow wax did not yield any amplification. We already
demonstrated the total reaction inhibition phenomenon for various
paper materials impregnated with wax or acrylic glue. Although
we chose a lower end polymerase concentration of 0.025 U/, the
polymerase concentration can be doubled to 0.05 U/l [22,27]. At
present, a wide variety of plastics is used for microfluidics, and
we expect additional materials, such as paper-based chips, to be
introduced in the near future [22,27,53,54,57-61].

Our results show that material selection for microfluidic PCR
chips, which are characterized by large SAVR, is a vital part of opti-
mizing PCR outcome. For example, an SU-8 based microfluidic PCR
system would be expected to provide less than one tenth of the
signal (WRBI 1.6 x 109-5.9 x 10°) as the same system fabricated
in PDMS (WRBI 4.4 x 101-1.6 x 102). Thus material selection is as
important an optimization parameter, as primer and polymerase
selection or reaction component and conditions (temperature,
time) optimization [33]. The type of PCR compatibility test treated
in this paper enables the most effectual choice of materials for use
in biology-related experiments.

4. Conclusions

As part of the current miniaturization trend, biological reactions
and processes are being adapted to microfluidics devices. Because
PCR is the primary method employed in DNA amplification, its
miniaturization is central to efforts to develop portable devices for
diagnostics and testing purposes. A problem, however, is the PCR-
inhibitory effect due to the interaction between PCR reagents and
the surrounding environment, the effects of which are increased
in high-SAVR microfluidics. Some materials are poorly standard-
ized with batch-to-batch variations. In this study, we introduced
a simple test for assessing the compatibility of materials in PCR.
Because of its speed and simplicity, we have been able to compare
the PCR compatibility of a wider range of materials than any previ-
ous study. This test does not require bulky or expensive equipment
used for protein-surface interaction measurements, such as AFM,

SEM or TEM, spectrophotometric protein concentration measure-
ment, FTIR or XPS. Our test can be easily conducted in common
PCR tubes using a standard bench thermocycler available in every
molecular biology laboratory in order to clearly identify materi-
als that inhibit the PCR reaction components. The PCR component
adsorption is assessed in natural PCR conditions, during the cycling
in high temperatures. The test can be performed on a large number
of material samples in parallel, and a database of tested materials
can be created and shared. Furthermore, the biocompatibility of
materials can be measured on a DNA, RNA, enzymatic (protein) or
cellular level.

In keeping with other work in the literature, we confirmed
that including BSA in the PCR reaction can significantly improve
most of the tested materials’ surface compatibility, which improves
reaction performance and yield outcomes. This finding is espe-
cially important because most biological reactions occur on the
surface. Our proposed strategy for material-surface PCR compat-
ibility testing can be used for other biological processes as well.
Such compatibility is central to every such process. A similar test
can be performed for cell studies measuring the inhibition of mate-
rials on cell growth [10,63]. In such a test, both the cells and the cell
medium components can be tested for the adsorption on the mate-
rial surface. Thus other applications, for example, high-throughput
screening [64,65] or transcriptome analysis [66,67] could benefit
from our described approach.
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