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Abstract In this study we analyzed the surface properties

of different silicon-based materials used for micro-electro-

mechanical systems (MEMS) production, such as ther-

mally grown silicon oxide, plasma-enhanced chemical

vapor deposition (PECVD)-treated silicon oxide, reactive-

ion etch (RIE)-treated silicon oxide, and Pyrex. Substrates

were characterized by atomic force microscopy (AFM) and

X-ray photoelectron spectroscopy (XPS) to define the

surface chemical and morphological properties, and by

fluorescence microscopy to directly assess the absorption

of the different polymerase chain reaction (PCR) compo-

nents. By using microchips fabricated with the same

materials we investigated their compatibility with PCR

reactions, exploiting the use of different enzymes and

reagents or proper surface treatments. We established the

best conditions for DNA amplification in silicon/Pyrex

microdevices depending on the type of device and fabri-

cation method used and the quality of reagents, rather than

on the passivation treatment or increment in standard Taq

polymerase concentration.

Keywords PCR � Silicon microchip �
Surface interactions � Taq polymerase adhesion

Abbreviations

MEMS Micro-electro-mechanical systems

PCR Polymerase chain reaction

PECVD Plasma-enhanced chemical vapor deposition

RIE Reactive-ion etch

Introduction

During the last decade we have witnessed a big boost in the

miniaturization of conventional medical and biotechnological

methods, in particular in the development of micro-analysis

systems that include sample preparation, separation, and

detection on a small, single chip (Kricka and Wilding

2003; Sun and Kwok 2006). Such systems are capable of

saving time and labor and are minimally invasive, being

very promising for research as well as forensic analysis

(Bienvenue et al. 2006; Liu et al. 2007) and medical

applications (Easley et al. 2006; Hashimoto et al. 2007).

DNA purification and PCR-mediated amplification are a

requirement for most genetic analysis. A crucial role in

these biotechnological platforms is played by PCR, which

amplifies minute amounts of DNA to measurable quantities

with a broad applicability range and a large set of stan-

dardized protocols. PCR in microdevices has been exten-

sively studied (Hashimoto et al. 2006; Chang et al. 2006;

Zhang et al. 2006), pushing amplification performance to

the detection of individual DNA molecules (Dettloff et al.
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2008). Likewise, great progress has been made in aspects

of on-chip micromachining (fabrication, bonding, and

sealing), choice of substrate materials, surface chemistry,

and reaction vessel architecture (Wang et al. 2006a;

Gheorghe et al. 2006; Walsh et al. 2006; Frey et al. 2007).

Furthermore, point-of-care testing is emerging as a new

frontier in medicine, particularly because it can help in

medical decision-making. The salient features of a point-

of-care device include the following: short time to results

(\15 min), ease of use (including sample preparation and

fully automated sample processing), portability (small form

factor, ideally handheld), small sample volumes (\30 lL

requirement allows use of finger stick rather than venous

sample), multifunctionality (capable of combining different

types of tests required along the path of care), and low cost

(Sista et al. 2008). This approach permits good results to be

obtained in terms of microdevice performance, but the

basic knowledge about how the microdevice works at a

molecular level is often lacking. Indeed, most of the pub-

lished literature is focused on fabrication of functional

devices, while only a few studies are dedicated to charac-

terizing the influence of surface materials on PCR reagents

(Christensen et al. 2007). It is well known that inhibition

effects on PCR are correlated to the structural materials and

to the increased surface-to-volume ratio (Shoffner et al.

1996; Erill et al. 2003), but studies on this topic often

utilized materials such as particulates (Wang et al. 2006b;

Shoffner et al. 1996), preventing the immediate transfer of

the obtained results to microdevices, or leading to contra-

dictory conclusions. Herein, we focus our analysis on the

direct determination of the extent of adsorption of key PCR

reagents on materials commonly utilized for microdevice

fabrication, i.e., silicon oxide and Pyrex. After chemical

and morphological characterization of the sample surface

properties, fluorescence microscopy measurements were

conducted to observe the adsorption of Taq DNA polymerase

or nucleic acids on the different materials. Moreover, mic-

rodevices built from these materials confirmed that contact

with PCR mix has deep effects on the performance of PCR

carried out on the same solutions recovered from the mic-

rodevice. Duration of contact and surface composition of

materials utilized in microchip fabrication were the main

factors affecting PCR efficiency, but surprisingly we found

that both the source of enzyme and the fabrication processes

deeply influenced microdevice performances. Finally, we

established the best conditions to directly perform PCR in a

silicon/Pyrex microdevice, without any conditioning or pas-

sivation of microdevice surfaces or any increment in Taq

polymerase concentration.

Materials and methods

Materials

Planar substrates

Planar substrates, cut into 1 9 1 cm2 pieces, were utilized

to assess material effects on PCR components (Table 1).

Silicon oxide (SO) films were grown on silicon wafer by

thermal oxidation (hereafter TG-SO substrates) or were

deposited by means of plasma-assisted deposition (PECVD-

SO substrates). To evaluate the effects induced on surfaces

by the processes used for channel formation (etching), some

samples were treated by applying first a reactive ion etch

(RIE) process to the whole sample and then growing a silicon

oxide layer (160 nm deep) by thermal oxidation (RIE-SO

substrates).

Microdevices

Three differently fabricated microdevices were employed

for PCR experiments, i.e., CS, BS, and BR, whose char-

acteristics are described in Table 2. Basically, a TG-SO

substrate was bound to a Pyrex cover, while three different

methods of microchannel fabrication were tested, utilizing

the same channel geometry (500 lm width, 100 lm depth,

Table 1 Materials used as

planar samples and their

main properties

Third and last columns refer

to the treatments applied

to the wafer

Sample Description Etching Oxidation

TG-SO Thermally grown silicon oxide No Yes

PECVD-SO Plasma-enhanced chemical vapor deposition-SO No Yes

RIE-SO Reactive-ion-etched silicon oxide Yes Yes

Pyrex Pyrex No No

Table 2 Characteristics of microchips utilized to incubate PCR

mixtures

Sample Bottom Cover Channels Channels

oxidation

CS TG-SO Pyrex On cover, sand blasting No

BS TG-SO Pyrex On bottom, sand blasting Yes

BR RIE-SO Pyrex On bottom, RIE process Yes

The reaction chamber volume was 25 lL to facilitate the recovery of

PCR mix after incubation and its use in standard PCR tubes. All

microchips had a serpentine-like shape with total channel length of

33 cm
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33 cm total length). In particular, the channels were fab-

ricated via sand-blasting in the Pyrex cover (CS microde-

vices), via sand-blasting in the silicon oxide bottom (BS

microdevices) or via RIE process on the silicon oxide

bottom (BR microdevices). Channels fabricated on silicon

were then coated by a 100- to 160-nm-thick silicon oxide

film. All chips were sealed by anodic bonding of the silicon

substrate with the Pyrex cover carrying two holes produced

by sand-blasting for fluid inlet and outlet. Finally, each

wafer was diced into 12 microdevices, each with a ser-

pentine-like shape and 25 lL volume.

Enzymes

Taq DNA polymerases from different suppliers were utilized

and their PCR efficiency in microdevices was compared

with their performance in standard macro conditions. The

utilized enzymes were: AmpliTaq Gold (Applied Biosys-

tems), Taq polymerase (Biodiversity, Italy), NovaTaq

(Novagen, Germany), and FastStart Taq (Roche Diagnostics

GmbH, Germany). All the enzymes were utilized with the

buffer supplied by the manufacturer.

Surface analysis

X-ray photoelectron spectroscopy (XPS) measurements

were performed using a Scienta ESCA 200 instrument

equipped with a hemispherical analyzer and a monochro-

matic Al Ka (1,486.6 eV) X-ray source. The emission

angle between the analyzer axis and the sample surface was

15� and 90�, corresponding to a sampling depth of

approximately 2–3 nm and 10 nm, respectively. For each

sample Si 2p, O 1s, and C 1s core lines were recorded at a

pass energy of 150 eV, with an energy resolution of

0.4 eV, using a low electron energy flood gun to com-

pensate sample charging. The quantification, reported as

relative elemental percentage, is made using the integrated

area of the deconvoluted core lines, after Shirley back-

ground subtraction (Shirley 1972), and using atomic

sensitivity factors, as suggested by the manufacturer. This

procedure gives a semiquantitative analysis allowing

surface chemistry comparison among different samples.

Materials were analyzed without any surface treatments or

after cleaning with Piranha solution (80% H2SO4:20%

H2O2).

Atomic force microscopy (AFM) measurements were

performed using a Solver PRO instrument (NT-MDT,

Russia) using scanning-by-sample piezo tubes with 10 and

50 lm scanning fields and 2 and 4 lm Z range. The data

were taken in air in semicontact mode, using cantilevers

with nominal spring constant of 4.5 N/m and frequency

resonance of 150 kHz (NSC35, lMasch). The acquired

images were plane-fitted and line-by-line leveled using

dedicated software (SPIP version 4.2.6.0, Image Metrology

A/S, Denmark); the same software was also used for sur-

face characterization and roughness determination.

Fluorescence analysis

Planar samples, cut into 1 9 1 cm2 pieces, of the materials

described in Table 1 were washed with water and then

incubated with 10 units of Taq DNA polymerases from

different producers, preactivated when required, in 500 lL

appropriate buffer, for 20 or 60 min at room temperature.

After three washes with water, samples were incubated

with an anti-Taq polymerase antibody (Novagen Taq

Antibody) at 4 lg/mL concentration in its buffer for

20 min at room temperature, followed by two washes with

Dulbecco’s phosphate-buffered saline (DPBS; Sigma). The

primary antibody binding efficacy was checked by

means of Western blotting experiments and was found to

be optimal for all Taq polymerases employed. Samples

were incubated with 20 lg/mL fluorescein isothiocyanate

(FITC)-conjugated secondary antibody (Anti-Mouse Poly-

valent Immunoglobulins (G,A,M)–FITC antibody pro-

duced in goat, Sigma) for 20 min at room temperature.

After six washes with DPBS, wet samples were mounted

on a microscope slide and fluorescence images were taken

using a Leica DMLA microscope (Leica Microsystems,

Germany), equipped with a mercury lamp and fluorescence

filter L5. All samples were observed with a 409 objective,

acquiring multiple pictures with a cooled charge-coupled

device (CCD) detector (Olympus), each covering an area of

about 300 9 225 lm2.

Biocompatibility test

To assess the compatibility of the serpentine microstruc-

tures described above (Section ‘‘Materials’’) with PCR, we

chose a volume of 25 lL so that the filling solution could

be utilized, after recovery, in standard polyethylene PCR

tubes. Microchips were washed prior to use with ultrapure

water and filled with the PCR mix containing a hot-start

Taq polymerase preactivated at 95�C for 10 min when

required. The basic PCR mix contained 2.5 mM MgCl2,

0.2 mM deoxynucleotide triphosphates (dNTPs), 0.5 lM

of each primer HFE H63D for and rev, 5% trealose, 50 ng

purified genomic DNA (Wizard� Genomic DNA Purifi-

cation Kit, Promega Corporation), and 1.25 or 6.25 units

of Taq polymerase in 25 lL total volume. The amplified

region is part of the hemochromatosis gene (HFE), and

specifically is related to the H63D mutation involved in

the disease (Jouanolle et al. 1997; Beutler et al. 1996).

The primer sequences are: ACATGGTTAAGGCCTGTTGC

(HFE H63D_F) and GCCACATCTGGCTTGAAATT (HFE

Eur Biophys J (2010) 39:979–986 981
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H63D_R). The composition of the mix was modified as nee-

ded. In particular, for passivation experiments, microchips

were treated with 2 mg/mL bovine serum albumin (BSA;

Sigma) for 20 min before incubation with the mix supple-

mented with 0.1 mg/mL BSA. After the incubation time at

room temperature (15 or 60 min), the PCR mix was trans-

ferred into a PCR tube and the reaction was performed in

standard conditions by using an Applied Biosystems 9700

thermal cycler. The protocol used included the following

steps: 1 cycle at 95�C for 10 min, 35 cycles at 95�C for 20 s,

62�C for 20 s, and 72�C for 10 s, and 1 cycle at 72�C for

1 min. At the end of PCR, 9 lL product was mixed with 1 lL

loading buffer (109 BlueJuice gel loading buffer, Invitrogen)

and loaded onto a 2% agarose gel containing ethidium bro-

mide to check for the presence of the corrected band (208 bp).

The intensity of the band was quantified in a Gel-Logic 1500

detection system (Kodak, Eastman Kodak Company) using

Kodak Molecular Imaging software (version 4.0) after nor-

malization with respect to the positive control present in each

gel to have a comparison of the PCR efficiency in different

conditions.

Results and discussion

Surface analysis

XPS analysis of the pure materials (Table 1) indicated the

presence of all elements expected, with carbon content that

increased from the relatively low values found on PECVD-

SO (5.8%) to reach values of over 20% for Pyrex. Table 3

presents a summary of the surface elemental compositions.

From a chemical point of view, we can conclude that the

main characteristic that differentiates these samples is

carbon content, while silicon and oxygen content were

similar in all samples, for both 15� and 90� (not shown)

measurements. The carbon content halved from a sampling

depth of 2 nm (15� emission angle) to 10 nm (90� emission

angle) in all samples except for PECVD-SO, which had the

lowest carbon content also at 15�. Taken together these

results suggest that carbon is present in the structure of

materials and not only at the surfaces.

Morphological analyses by AFM on areas of 1 lm2 of

planar samples demonstrated that the silicon oxide mate-

rials studied have different roughness, in the order:

TG-SO \ PECVD-SO \ RIE-SO, with TG-SO being the

flattest substrate (Table 4). Pyrex falls in between, with

roughness higher than TG-SO but negligible when com-

pared with PECVD-SO or RIE-SO. Roughness analyses

along the channels of the two kinds of sand-blasted chips

(CS and BS, Table 2 and Section ‘‘Materials’’), gave very

similar results, i.e., roughness of the order of 1–3 nm at

short scale (250 nm), while at longer distances (tens of

microns) the features (typical lateral dimension 2–4 lm)

produced by the sand-blasting process cause a huge

increase of roughness, that reaches values of the order of a

few microns. These data permit to conclude that the two

sand-blasted surfaces are very similar from a morphologi-

cal point of view.

Taq polymerase and DNA adsorption

A first biological characterization of these samples was

performed by assessing the adsorption of key components

of the PCR mixture, such as nucleic acids (primers, tem-

plate) and Taq polymerase, on their surfaces. Fluorescence

microscopy revealed no or negligible adsorption of nucleic

acids on all the examined materials (data not shown), while

we found direct evidence that Taq enzymes were adsorbed

on these materials. These results are in agreement with

previous literature that claimed Taq surface adsorption as

the main reason for PCR inhibition in microdevices (Erill

et al. 2003; Christensen et al. 2007). Published results were

obtained indirectly, i.e., through the evaluation of the

efficiency of PCR. Our immunofluorescence experiments

indicate that Taq DNA polymerase is adsorbed on all the

studied surfaces, but to an extent that is dependent on both

sample type and the source of the enzyme. In particular,

PECVD-SO was found to be the material most favorable to

the adsorption of NovaTaq (Figs. 1, 2), while Pyrex and

specially RIE-SO were less prone to aspecifically adsorb

this enzyme. In principle, these materials could be con-

sidered to be very similar, but as demonstrated by Fig. 1a,b

and by the images of Fig. 2, their ability to adsorb the

enzyme involved in PCR differs greatly. Surface chemical

analysis by XPS, however, revealed that, probably as

Table 3 Elemental composition (atomic percentage) determined by

XPS for the substrates used in microdevices production, obtained

from the integrated area of the deconvoluted core lines at 15�

Sample Si 2p (%) O 1s (%) C 1s (%)

TG-SO 40.9 50.6 9.3

PECVD-SO 39.5 54.7 5.8

RIE-SO 36.1 47.8 16.1

Pyrex 33.8 42.3 23.9

The standard error does not exceed 1–2% of the reported value

Table 4 Roughness of planar samples determined with AFM mea-

surements using a scan area of 1 lm2

Sample Sa
1 (nm)

TG-SO 0.10 ± 0.01

PECVD-SO 4.1 ± 0.5

Pyrex 1.2 ± 0.3

RIE-SO 9.3 ± 3.5
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consequence of the different sample treatment methodol-

ogies, the main difference among these materials is their

carbon content. While in principle carbon should be present

in negligible amounts on these materials, XPS data show

that a substantial fraction of the surface is instead consti-

tuted of carbon for RIE-SO and Pyrex samples. Cleaning of

these surfaces with Piranha solution was not able to

decrease the carbon content substantially (data not shown),

leading to the conclusion that this carbon layer is relatively

tightly bound to the surface. This finding is reinforced by

the fact that carbon is present in a nonnegligible amount

also 10 nm inside the sample, as evidenced by XPS data at

90�. We can assume then, for the NovaTaq enzyme, that a

different carbon content on the surface can strongly influ-

ence the enzyme adsorption on the substrate. Moreover,

different Taq polymerases are adsorbed to very different

extents on the same material, as shown by the different

amounts of adsorption of NovaTaq and AmpliTaq Gold

(especially on PECVD-SO) in Fig. 1b. These data correlate

well with the PCR performances of different commercial

DNA polymerases, when the PCR mix was previously

brought in contact with microdevices, as discussed below

(Section ‘‘PCR compatibility’’). We also found that the

surface roughness of the various materials studied was not

the main factor involved in Taq polymerase adsorption, at

least when examined at submicron lateral scale. In fact,

AFM measurements (Table 4) showed that RIE-SO has a

more irregular surface than PECVD-SO, but examining the

same materials at short-range scale, their roughness resul-

ted very similar, around 1–2 nm. So, at a lateral scale that

matches protein dimension, these two materials result

similar, while the same enzyme (i.e., NovaTaq; Fig. 1) is

adsorbed much more by PECVD-SO than by RIE-SO,

A

B

Fig. 1 Taq DNA polymerase adsorption on the materials studied.

a 20-min incubation of NovaTaq on planar samples. b 60-min

incubation of NovaTaq (white bars) or AmpliTaqGold (gray bars) on

two planar substrates. Immunofluorescence was recorded by an

optical microscope as described in ‘‘Materials and methods’’. Data

were corrected for the possible aspecific adhesion of the secondary

antibody

Fig. 2 Examples of surface distribution of Taq DNA polymerase on

planar substrates, observed by fluorescence microscopy after immu-

nostaining: a NovaTaq on PECVD-SO, b NovaTaq on Pyrex, and

c AmpliTaqGold on RIE-SO. Images show a 30 9 30 lm2 represen-

tative area of the acquired images. No correction for aspecific

secondary antibody adhesion was applied to these images. The same

gray scale is utilized for the images (fluorescence intensity, arbitrary

units)
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indicating that other factors such as chemical differences

can play a major role in Taq adsorption.

The importance of the surface chemical composition on

Taq adsorption is confirmed through similar immunofluo-

rescence experiments on materials whose surface is mod-

ified through successive steps. Firstly, the surface charge is

modified by the introduction of amine groups by means of

aminosilanes, as described by Fiorilli et al. (2008). On

silanized Pyrex and TG-SO an increase of the adsorbed

enzyme is obtained, reaching levels typical of untreated

PECVD-SO, while on this last material the adhesion

remained substantially unchanged, even after silanization

(data not shown). Adding a further modification step to the

treatment of materials, i.e., covalently binding an amine-

reactive polyethylene glycol (methoxypolyethylene glycol

5000 propionic acid N-succinimidyl ester; Fluka), we

obtained a marked reduction of NovaTaq adsorption (with

respect to the untreated materials), especially on PEG-

PECVD-SO and PEG-TG-SO surfaces, as shown by

immunofluorescence analysis (data not shown). In fact, it is

well known (Erill et al. 2003; Wang et al. 2006b; Zhang

et al. 2006) that passivation of the surfaces can improve or

even completely restore PCR efficiency. So we obtained

modulation of Taq adsorption by the introduction of spe-

cific chemical groups on the examined surfaces. Moreover,

fluorescence measurements were also performed on DNA

to asses if other important components of the PCR mix

were captured by material surfaces. The incubation of

genomic DNA used as template in PCR or oligonucleotides

used as primers resulted in negligible adhesion of DNA on

substrates (data not shown), confirming directly that

enzyme adsorption is the most important phenomenon

involved in PCR inhibition.

PCR compatibility

The next step was to perform biological tests based on the

incubation of the complete PCR mix in the serpentine

microstructures made of the same materials tested for

surface properties and ability to adsorb PCR reagents.

Figure 3 compares the PCR yield of different solutions

brought into contact with our microdevices under various

conditions. The use of differently fabricated microdevices,

even though based on similar materials (Table 2), greatly

influences the overall PCR response, as shown in Fig. 3. In

fact, as well as parameters whose effect is expected, such

as the adverse influence of increased incubation time or the

positive effects following surface passivation treatments

and increasing enzyme concentration (Christensen et al.

2007; Zhang et al. 2006), other parameters were found to

play an important role. Such parameters are of primary

importance and need to be carefully considered when

interpreting the effect of materials on PCR performed in

different laboratories; for example, the amplification yield

depends on the activation state of Taq polymerase when the

enzyme is brought into contact with the microsystem, being

strongly reduced when the hot-start enzyme is preactivated,

i.e., when its condition during PCR is simulated (Fig. 3a).

Interestingly, by increasing the incubation time to 60 min

the PCR response is dramatically reduced to zero (Fig. 3b),

suggesting that the kinetics of reagents sequestration by

microchip surfaces is relatively slow and is incomplete

A

B

C

Fig. 3 PCR yield as a function of Taq polymerase preactivation or

addition of 1.25 U fresh enzyme (a), increment of reagents and

passivation (b), and microchip type (c). PCR mix was incubated in the

microchip and then transferred to a PCR polyethylene tube for

standard amplification, followed by gel electrophoresis. Yield is

calculated from bands intensity of agarose gel, referred to 100% for

the positive control, i.e., a standard reaction (1.25 U Taq) performed

in a PCR tube kept at room temperature for the same time as the mix

in the microchip. All experiments were performed by using Taq

polymerase from Biodiversity. The microchips used in a and b were

CS
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after 15 min. When Taq polymerase and/or MgCl2 con-

centration are increased, the PCR yield improves but is not

completely restored. Also, a passivation step by BSA (or

PEG, data not shown) enhances PCR performances, even if

this treatment is insufficient to permit complete recovery of

PCR yield. Finally, differently fabricated microsystems are

found to affect PCR to different extent (Fig. 3c). In fact,

microchips made utilizing the same materials (TG-SO and

Pyrex) show very different results: a PCR yield *10% is

obtained for CS microdevices while a much better value

(*200%) is typical when employing BS chips. On both

kind of microdevices the channels are obtained utilizing a

sand-blasting process, the main difference lying in the

material that hosts the channels (Pyrex in CS chips versus

silicon in BS chips; Table 2). As reported in Section

‘‘Surface analysis’’ only small differences are found in

terms of roughness at both large and small scales. Fur-

thermore, in BR chips, the channel surface is oxidized

before chip bonding, while CS chips are not further treated

after sand-blasting. In fact, XPS analyses demonstrated

presence of contaminants in planar samples treated in the

same way as CS chips, such as zinc, calcium, and sodium,

which are attributed to the sand-blasted treatment. These

elements strongly inhibit the amplification reaction, pos-

sibly because they can compete with magnesium ions

(Rådström et al. 2004; Wilson 1997). It is also reported

(Shoffner et al. 1996; Felbel et al. 2004) that silicon oxi-

dation could act as a passivation step helping the PCR

process, and our data seems to confirm this hypothesis.

However, more steps involved in the fabrication process

need to be taken into account. In fact, PCR yield related to

BR chips, bearing the same oxidation treatment, is reduced

compared with BS microdevices, even though a significant

increment is produced in comparison with CS chips

(Fig. 3c). We can conclude that it is extremely important

to control every step carefully, from device fabrication

to accurate choice of reagents to obtain the best PCR

performances.

In addition, the selection of PCR reagents is important

because, for example, different Taq DNA polymerases are

adsorbed to a different extent on the material surface, as

discussed above. In Fig. 4 three commercial Taq poly-

merases are compared. As shown, all Taqs had similar

performances in conventional PCR amplification systems

using polyethylene tubes (25 lL reaction volume; lanes 2,

5, and 8), but their efficiency varies when PCR is directly

performed in 25 lL BR microchips (lanes 1, 4, and 7,

Fig. 4). In particular, AmpliTaqGold and FastStart Taq

have similar efficiency (comparison between lanes 4 and

7), while NovaTaq gives a lower yield (lane 1). A corre-

lation between PCR performances and Taq polymerase

absorption is clearly shown. In fact, NovaTaq is adsorbed

by RIE-SO and Pyrex more than other commercial

enzymes (Figs. 1, 2) and gives worse yield in terms of

amplified product. Moreover, when CS microchips were

used to perform the amplification directly, no PCR prod-

ucts were found, as predicted from the low PCR yield

resulting from experiments with PCR mix incubation

(Fig. 3c).

Conclusions

Modern microfluidic platforms integrate DNA purification,

target amplification by PCR, and DNA detection in a single

device. Combination of these processes into a single tool

minimizes sample loss and contamination problem while

reducing analysis time and costs. In this context, minia-

turization of the PCR is an important part of the research

and development of MEMS, because PCR is a technique

central to most biotechnological applications, such as

pathogen surveillance in food, diagnosis of inherited dis-

eases or infections, and even forensic science. However,

DNA amplification is a crucial challenge for designing a

performing PCR device due to the negative interaction

between PCR reagents and the surrounding environment,

i.e., the materials encapsulating the PCR mix. The PCR

inhibition effect is particularly important because of the

increased surface-to-volume ratio in microsystems, which

enhances the interaction between the surfaces and reagents

in the PCR mixture. In this study we have demonstrated

directly that the PCR inhibition effect often observed in

microsystems is due to Taq polymerase adsorption on

surfaces rather than DNA adsorption phenomena. This

process varies with the material, the enzyme, and the sur-

face chemistry. It can be greatly influenced by the micro-

chip fabrication methodology used. Enzyme concentration,

Fig. 4 Agarose gel electrophoresis of PCR products (208 bp)

obtained in microdevices or in standard tubes by using different

Taq DNA polymerases. Lane 1 microdevice BR ? NovaTaq, lanes 2
and 3 positive and negative control in tubes ? NovaTaq, lane 4
microdevice BR ? AmpliTaqGold, lanes 5 and 6 positive and

negative control in tubes ? AmpliTaqGold, lane 7 microdevice BR ?

FastStart Taq, lanes 8 and 9 positive and negative control in tubes ?

FastStart Taq, lane 10 1-kb marker Invitrogen
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presence of cofactors such as Mg2? or adjuvating agents

such as BSA could help restore, at least partially, PCR

performance, but correct choice of the enzyme and suitable

fabrication processes also have to be considered. All these

contributing factors have in fact to be taken into account

when a performing microdevice is designed and realized.

Here we have shown that functional silicon and Pyrex

microchips for PCR can be realized without the necessity

for passivation treatment or increment in standard Taq

polymerase concentration, when appropriated reagents are

utilized in combination with a proper fabrication process.

In particular, we have demonstrated that the use of hot-start

enzymes of good quality and an oxidizing step after mi-

crochannels production are crucial requirements.

The application of these results to fabrication of new

integrated chips (performing the detection of single-gene

mutations starting from blood DNA purification) is cur-

rently under realization (paper in preparation).
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Pre-PCR processing: strategies to generate PCR-compatible

samples. Mol Biotechnol 26(2):133–146

Shirley D (1972) High-resolution x-ray photoemission spectrum of

the valence bands of gold. Phys Rev 55:4709

Shoffner MA, Cheng J, Hvichia GE, Kricka LJ, Wilding P (1996)

Chip PCR. I. Surface passivation of microfabricated silicon-glass

chips for PCR. Nucleic Acids Res 24(2):375–379

Sista R, Hua Z, Thwar P, Sudarsan A, Srinivasan V, Eckhardt A,

Pollack M, Pamula V (2008) Development of a digital micro-

fluidic platform for point of care testing. Lab Chip 8(12):2091–

2104

Sun Y, Kwok YC (2006) Polymeric microfluidic system for DNA

analysis. Anal Chim Acta 556(1):80–96

Walsh EJ, King C, Grimes R, Gonzalez A (2006) Influence of segmenting

fluids on efficiency, crossing point and fluorescence level in real

time quantitative PCR. Biomed Microdevices 8(1):59–64

Wang J, Chen Z, Corstjens PLAM, Mauk MG, Bau HH (2006a) A

disposable microfluidic cassette for DNA amplification and

detection. Lab Chip 6(1):46–53

Wang W, Wang H-B, Li Z-X, Guo Z-Y (2006b) Silicon inhibition

effects on the polymerase chain reaction: a real-time detection

approach. J Biomed Mater Res A 77(1):28–34

Wilson IG (1997) Inhibition and facilitation of nucleic acid ampli-

fication. Appl Environ Microbiol 63(10):3741–3751

Zhang C, Xu J, Ma W, Zheng W (2006) PCR microfluidic devices for

DNA amplification. Biotechnol Adv 24(3):243–284

986 Eur Biophys J (2010) 39:979–986

123


	Effect of materials for micro-electro-mechanical systems  on PCR yield
	Abstract
	Introduction
	Materials and methods
	Materials
	Planar substrates
	Microdevices
	Enzymes

	Surface analysis
	Fluorescence analysis
	Biocompatibility test

	Results and discussion
	Surface analysis
	Taq polymerase and DNA adsorption
	PCR compatibility

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


