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Bovine serum albumin (BSA) is widely used as an additive in polymerase chain

reaction (PCR)-based microfluidic devices to passivate reactors and alleviate

nucleic-acid amplification. BSA is available commercially in two types: either acety-

lated or non-acetylated. A survey of literature indicates that both types of BSA are

used in PCR-based microfluidic devices. Our study results reveal that the use of acet-

ylated BSA in PCR micro-devices leads to differential inhibition of PCR, compared

to non-acetylated BSA. This result is noticed for the first time, and the differential

inhibition generally goes un-noticed, as compared to complete PCR inhibition.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983692]

I. INTRODUCTION

Miniaturization of polymerase chain reaction (PCR)-based biochip have the advantages of

reduced consumption of nucleic-acid template and reagents, reduced PCR cycling time by effi-

cient heat transfer to the PCR solution, precise control of thermocycling parameters, and poten-

tial towards a high-throughput platform.1 However, the effect of surface on PCR dominates in

such platforms leading to PCR inhibition, and hence, it is difficult to perform efficient PCR

with uniformity across a high-throughput biochip. Miniaturization leads to an increase in the

surface area-to-volume ratio (SVR) of the chamber. In high SVR chambers, the effect related to

the non-specific adsorption of PCR components, especially Taq DNA polymerase and/or tem-

plate DNA to chip surface becomes significant.2 PCR inhibition in microfluidic devices is

attributed to the choice of material,3–7 reagents (interaction of specific material and polymerase

enzyme source),8 and SVR.2 Material-based PCR inhibition is possible by two mechanisms:

either ions/inhibitory components from the material might leach into PCR mixture or adsorption

of critical PCR components onto the material surface. For adsorption of PCR components, there

are numerous reports of Taq polymerase adsorption in chip fabricated using silicon,4,6 glass-sili-

con,5 poly-dimethyl siloxane (PDMS),9 and low temperature co-fired ceramic (LTCC).7

To perform PCR efficiently on the microfluidic chips, the surface of the chips requires

PCR compatible coating. There are two major approaches to achieve PCR compatible coatings:

either by coating the chip surface with materials that restrain non-specific adsorption of pro-

teins9 or pre-treat the channels/chambers with proteins (static coatings). As an alternate strategy,

additives such as Bovine Serum Albumin (BSA), polyethylene glycol (PEG), polyvinylpyrroli-

done (PVP), and gelatin are added to the PCR solution (dynamic) to prevent adsorption of Taq
polymerase onto the biochip substrates and ultimately achieve a PCR compatible coating.10

BSA can be used in various ways such as a carrier protein, stabilizing agent in enzymatic reac-

tions, and surface blocking agent. BSA is included in the PCR mix to reduce the problem of
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the abstraction of Taq polymerase and possible abstraction of other PCR components on mate-

rial surface. The addition of BSA may not be required for tube-based (macro-volume) reactions,

but it is absolutely required for PCR-based microdevices.5 BSA is widely used as a PCR inhibi-

tion alleviating agent in microfluidic devices in both static11–15 and dynamic passivation

modes.16–18 Also, there are many reports, where combinations of static and dynamic surface

passivation using BSA have been applied to PCR micro-devices.4,19–25 It is known that surface

adsorption of BSA onto cured PDMS renders the PDMS surface hydrophilic (contact angle of

water changes from 109� to 53�),26 and such passivation is suitable for capillary-driven micro-

fluidics.27 However, static passivation leads to extra step during chip fabrication, and hence

dynamic passivation is preferred over static passivation. In addition, efficiency of static coating

depends on the pH of BSA solution and possible functional groups on the material surface, and

this might require optimization based on the selected chip material. For example, Qin et al.
showed efficient coating of BSA in the pH 4.0 solution, when compared to pH 7.0 in a chip

fabricated using Norland Optical Adhesive 81 (NOA81).28

BSA is available commercially in two types: either acetylated or non-acetylated. The two

types of BSA with different quality (molecular biology, histochemical, and cell culture grade) are

available from different vendors (Sigma Aldrich, NEB, Ambion, Affymetrix, Fisher Scientific,

and Wako pure chemicals). The acetylation process used to remove nucleases during BSA prepa-

ration changes the BSA’s binding characteristics. The selection of BSA type and PCR optimiza-

tion based on the material surface and SVR is not clearly defined. However, there are four well

documented reports on the inhibitory effect of common microfluidic materials on PCR.8,10,29,30

Potrich et al. reported an interesting observation that polymerase differentially adsorbs on

plasma-enhanced chemical vapor deposition-silicon oxide (PECVD-SO) and reactive-ion-etched

silicon oxide (RIE-SO) surfaces in a polymerase source dependent manner.8 Christensen et al.
showed that PCR inhibition due to Taq polymerase adsorption on silicon, glass, and SU-8 surface

can be alleviated by pretreatment with BSA.10 Kolari et al. spiked real time PCR solution (in

tubes) with various micro-electro mechanical system (MEMS) materials such as oxidized silicon,

fused silica, pyrex, PDMS, and poly-methyl-methacrylate (PMMA) to show that PCR inhibition

was due to abstraction of polymerase enzyme, and the addition of BSA was insignificant in alle-

viating PCR inhibition.29 Kodzius et al. performed a systematic and thorough study of PCR inhi-

bition by at least 20 materials.30 The authors used a pre-PCR incubation strategy to study the

inhibitory effects of material on PCR due to polymerase adsorption, and reported a list of PCR-

friendly materials. For these materials, the addition of BSA did not significantly improve the

PCR yield. With the exception of SU-8, all other materials that showed slight or strong inhibition

were alleviated by the addition of BSA. In the case of SU-8, the addition of BSA inhibited the

PCR. Although the four publications provided a wealth of knowledge about PCR inhibition

mechanism with respect to various materials, it is hard to reproduce these works as the BSA type

and the vendor were not reported. Also, from these works, it is hard to conclude, if the differen-

tial inhibition of PCR is due to the effect of material surface/SVR or possible use of acetylated

BSA? Hence, we evaluated the BSA types (acetylated and non-acetylated) with an aim to clearly

define the BSA type requirement for use in PCR microfluidic devices.

II. MATERIALS AND METHODS

A. SYBR Green-based PCR

A BNI-1 gene fragment (189 bp) of SARS cDNA was PCR amplified in the PDMS-glass

hybrid chip. Based on optimized conditions, the PCR mixture contained 10 mM Tris-HCl (pH

9.0), 50 mM KCl, and 0.1% Triton X-100, 0.2 mM each of dATP, dCTP, dTTP and dGTP

(PCR Nucleotide Mix, Promega, Madison, P/N C1141), 3 mM MgCl2 (Invitrogen by Life

Technologies, Carlsbad, P/N 10966), 0.3 lM each of forward and reverse gene specific primer

(1st BASE, Singapore), 0.1 U/ll of hot-start Platinum Taq DNA polymerase (Invitrogen by Life

Technologies, Carlsbad, P/N 10966), various concentration and types of bovine serum albumin

(BSA) (Sigma Aldrich, P/N B 8667; Promega P/N R3961), 1� SYBR Green I (Cambrex

Biosciences, Maine, USA), and 0.1 ng/ll (3� 107 copies) of plasmid pGEM-3Z DNA template.
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B. TaqMan probe-based PCR

A TaqMan-based PCR is performed in a polypropylene (PP) tube on the Rotorgene 3000

real-time PCR system. The PCR solution (20 ll) contained 1� LuminoCt qPCR ReadyMix

(Sigma Aldrich, Singapore), 1� ROX internal reference dye (Sigma Aldrich, Singapore), TaqMan

probe for the nuc gene at 250 nM, forward and reverse primers at 900 nM each, 1 lg/ll of either

acetylated BSA (from two vendors: Ambion AM2614 and Promega P/N R3961) or non-acetylated

BSA (Sigma-Aldrich P/N B8667), and 1 ng/ll of genomic DNA isolated from Staphylococcus
aureus subsp. aureus ATCC 33591 (MRSA, strain 328; ATCC). The LuminoCt qPCR ReadyMix

contains optimized concentrations of Tris-HCl (pH 8.3), KCl, dNTPs, stabilizers, MgCl2, and

Jumpstart Taq DNA polymerase.

C. SYBR Green-based PCR in acid washed glass capillary and PDMS-glass microfluidic

devices

Glass capillaries were cleaned by soaking them in the piranha solution (acid) overnight.

The piranha solution is a volatile mixture of 70% H2SO4 and 30% H2O2. This washing step

removed all organic impurities, which may interfere with DNA amplification. Following the

piranha solution treatment, the capillaries were extensively washed (3�) with ultra-pure water.

For details on fabrication and performance of PCR in capillary-driven PDMS-glass microfluidic

devices, the readers are directed to our earlier publication.16

III. RESULTS AND DISCUSSION

Experiments were performed to understand the effect of SVR (with and without BSA) on

PCR yield. Both acetylated and non-acetylated BSA were tested at various concentrations (0.5 to

3.0 lg/ll). In order to have a proper control on the SVR, PCR was performed in a borosilicate

glass capillary (acid-washed). A 32 mm long glass capillary (Drummond Scientific Company,

USA), which can hold 1 ll of PCR solution was used for this experiment. The SVR for this

glass capillary is estimated to be 20 mm�1. The SYBR-green based PCR without BSA failed in

glass capillary with 20 mm�1 SVR (Fig. 1). As a control reaction, macro-volume PCR was per-

formed in the widely used polypropylene (PP) tube. The SVR for PP tube is �1.5 mm�1.31 The

yield of PCR in the PP tube is �19 ng/ll. With the addition of acetylated BSA at 0.5 lg/ll,

PCR was successful in glass capillary (SVR: 20 mm�1), but the yield was �4 � lower compared

to the PCR yield in the PP tube (SVR: 1.5 mm�1). Increasing the concentration of acetylated

BSA (up to 3.0 lg/ll) did not improve the yield significantly. The addition of non-acetylated

BSA at 0.5 lg/ll drastically improved the PCR yield from glass capillary. The PCR yield from

reactions with 0.5 lg/ll non-acetylated BSA is only �1.5 � lower compared to the PCR yield

(without BSA) in the PP tube. The addition of 1 lg/ll of non-acetylated BSA to reaction in the

PP tube did not improve the PCR yield. Hence, BSA is required for successful PCR in micro-

structures with 20 mm�1 SVR and may not be required when performing PCR in PP tubes with

low SVR. Based on the result from Fig. 1, it is concluded that acetylated BSA differentially

inhibits SYBR-green based PCR. In literature, there are reports of PCR inhibition by BSA in a

concentration dependent manner.4,5,28,32 The optimal BSA concentration depend on many param-

eters such as SVR, material, enzyme source, and our results from this work indicate that it also

depends on the type of BSA. Yu et al. reported PCR inhibition by BSA additive in a Tween 20

treated PDMS-glass device.32 However, they attributed this inhibition to deleterious interaction

of Tween 20 and BSA, and failed to report the type of BSA used in this study.

Further experiment was performed to understand if acetylated BSA showed a similar effect

on TaqMan-based PCR in polypropylene tubes? For macro-volume PCR (1.5 mm�1), the acety-

lated BSA from different vendors showed a differential effect on the PCR yield (Fig. 2). The

acetylated BSA from Ambion (AM2614) completely inhibited TaqMan-based PCR, whereas

acetylated BSA from Promega (P/N R3961) partially inhibited TaqMan-based PCR (�2.6 �
lower compared to the PCR yield without BSA). Again, non-acetylated BSA showed PCR yield

higher than the yield of PCR with acetylated BSA. It is also noted that for macro-volume PCR
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with 1 lg/ll non-acetylated BSA, the yield is �1.5 � lower compared to the PCR yield (without

BSA) from the PP tube. We also evaluated the benefit of non-acetylated BSA (1 lg/ll) addition

in PCR performed in capillary-driven microfluidic chips fabricated with chambers (PDMS-glass)

at �12 mm�1, �15 mm�1, and �23 mm�1 SVR. For chambers with low SVR (�12 mm�1,

�15 mm�1), the addition of non-acetylated BSA did not improve the PCR yield, but at

�23 mm�1, the addition of BSA alleviated the amplification in the PDMS-glass-based PCR

chamber (Fig. 3).

In literature, many researchers have used acetylated BSA for both micro- and pico-liter vol-

ume PCR.33–36 Results from this study indicate that the use of non-acetylated BSA might have

improved the PCR yield in such studies. McKeown et al. reported complete inhibition of PCR

(end-point mode) in tubes due to acetylated BSA.37 Our results differ from the results reported

by McKeown et al. The surface-to-volume (SVR) of PCR tubes (generally polypropylene PP)

is very low (1.5 mm�1), when compared to PCR chambers in microdevices. In microdevices,

FIG. 1. Effect of BSA type and concentration on the PCR yield. The PCR was performed in a glass capillary and compared

to the macro-volume PCR in a polypropylene tubes. Diamond illustrates a sample mean (center line) and 95% confidence

interval (height).

FIG. 2. Effect of BSA type on the TaqMan-based PCR yield. Acetylated BSA from Ambion and Promega, non-acetylated

BSA from Sigma were tested at 1 lg/ll concentration in polypropylene tubes. Diamond illustrates a sample mean (center

line) and 95% confidence interval (height).
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the effect of surface on PCR is dominant, when compared to reactions in a PP tube. Even at

very low concentration of 0.113 lg/ll acetylated BSA, the authors reported complete inhibition

of PCR. Complete inhibition is easy to detect experimentally (presence or absence of desired

bands in agarose gels). In contrast, we report differential inhibition of acetylated BSA at differ-

ent concentrations (0.5, 1, 2, and 3 lg/ll). This differential inhibition generally goes un-noticed.

McKeown et al. tested different manufacturing batches of BSA from GIBCO (one vendor),

whereas we showed that acetylated BSA from different vendors shows differential inhibition

(Ambion vs Promega). Finally, in contrast to McKeown et al., we report differential inhibition

in the real-time PCR mode (both intercalating and TaqMan probe based).

Lastly, we established a quantitative and qualitative method to understand the purity (quali-

tative) and acetylated BSA (quantitative) components of BSA from different vendors. We evalu-

ated acetylated BSA from Ambion (AM2614), Promega (R3961), Affymetrix (10848), and non-

FIG. 3. Effect of the surface area to volume ratio (SVR) on PCR (with non-acetylated BSA) yield.

FIG. 4. (a) Electropherogram of BSA proteins tested using Protein 230 chip on 2100 Bioanalyzer instrument. R1 and R2

are replicates. (b) Relative concentration of acetylated and non-acetylated components estimated from the lab-on-a-chip

capillary electrophoresis of BSA proteins.
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acetylated BSA from Sigma-Aldrich (B8667), NEB (B9000S). The BSA from different vendors

was diluted to 1 lg/ll using 1� DPBS (GIBCO 14190–144), and purity was determined by

using Protein 230 kit series II on 2100 Bioanalyzer instrument (Agilent Technologies). Fig. 4(a)

shows electropherogram of different BSA protein types. Non-acetylated BSA showed a sharp

band �66 KDa, which is close to the molecular weight value (66 KDa) reported in literature,38

whereas Ac-BSA oligos runs at approximately 120–260 KDa.39 Acetylated BSA (ac-BSA) from

both Ambion and Promega showed diffused band with varying degree of modifications. Note

that acetylated BSA from Ambion shows a more diffused band compared to acetylated BSA

from Promega. Based on our estimation (Fig. 4(b)), the ac-BSA component is higher in Ambion

(�8% of total) when compared to Promega (�3.7% of total). The higher percentage of ac-BSA

component in Ambion (AM2614) possibly contributes to complete inhibition of TaqMan-based

PCR (Fig. 2), when compared to partial inhibition of Promega (P/N R3961).

IV. CONCLUSIONS

Based on this study, it is highly recommended to use non-acetylated BSA in microfluidic

devices. Partial inhibition due to acetylated BSA generally goes un-noticed in PCR microfluidic

devices. In order to compare performance across PCR-based microfluidic devices, the authors

should reveal the vendor name and part-number of the BSA used in their study. A quick review

of literature indicates that most authors indicate the vendor’s name. But, there are different

types of BSA from the same vendor. This work calls for guidelines for performing PCR in

microdevices, similar to Minimum Information for Publication of Quantitative Real-Time PCR

Experiments (MIQE) guidelines.40 Although MIQE guidelines include reporting additives used

in PCR, there are other parameters such surface area-to-volume ratio (SVR), additive types,

reaction volume, ramp rates, amplification speed, template and amplicon length, and limit of

detection (LOD), which will be more useful in evaluating PCR-based microfluidic devices,

when analysed as a set of parameters.
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