Silicon inhibition effects on the polymerase chain reaction:
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Abstract: In the miniaturization of biochemical analysis
systems, biocompatibility of the microfabricated material is
a key feature to be considered. A clear insight into interactions between biological reagents and microchip materials
will help to build more robust functional bio-microelectromechanical systems (BioMEMS). In the present work, a realtime polymerase chain reaction (PCR) assay was used to
study the inhibition effects of silicon and native silicon oxide
particles on Hepatitis B Virus (HBV) DNA PCR ampliﬁcation. Silicon nanoparticles with different surface oxides were
added into the PCR mixture to activate possible interactions
between the silicon-related materials and the PCR reagents.
Ratios of silicon nanoparticle surface area to PCR mixture
volume (surface to volume ratio) varied from 4.7 to 235.5
mm2/L. Using high speed centrifugation, the nanoparticles were pelleted to tube inner surfaces. Supernatant extracts were then used in subsequent PCR experiments. To

INTRODUCTION
Polymerase chain reaction (PCR), which is a thermally activated chemical reaction for nucleic acid ampliﬁcation, is one of the most important molecular
biological methods.1 The number of nucleic acids will
be doubled after one thermal cycle by controlling the
sample and reagent temperature in sequence to the
denaturation temperature, the annealing temperature,
and the extension temperature with transitions. After
several tens of cycles, the ampliﬁed nucleic acids in the
PCR mixture will be rich enough for further detection
and analysis. It has been demonstrated experimentally
that the time spent in temperature transitions was
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test whether silicon materials participated in ampliﬁcations
directly, in some cases, entire PCR mixture containing silicon nanoparticles were used in ampliﬁcation. Fluorescence
histories of PCR ampliﬁcations indicated that with the increase in surface to volume ratio, ampliﬁcation efﬁciency
decreased considerably, and within the studied ranges, the
higher the particle surface oxidation, the stronger the silicon
inhibition effects on PCR. Adsorption of Taq polymerase
(not nucleic acid) on the silicon-related material surface was
the primary cause of the inhibition phenomena and silicon
did not participate in the ampliﬁcation process directly.
© 2005 Wiley Periodicals, Inc. J Biomed Mater Res 77A:
28 –34, 2006
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usually wasted and the transition time after the extension and the denaturation periods had no function.2
Furthermore, nonspeciﬁc ampliﬁcation can be minimized with a rapid denaturation temperature to annealing temperature transition.3 Therefore, in the past
decade, development of a PCR instrument with rapid
temperature ramping, that is, rapid PCR, has become
an area of signiﬁcant interest.
It is well known that characteristic time of thermal
transportation in a given device is direct proportional
to the second power of the device size. Therefore, a
thermal cycling instrument with characteristic size in
microscale is a perfect candidate to realize the rapid
PCR. With the development of silicon microfabrication techniques, silicon-based micro-PCR chips have
been widely studied to achieve rapid PCR as well as
reducing the power consumption and the required
space.4 –11 Silicon offers many substantial advantages
in establishing PCR instruments, such as very high
thermal conductivity and ease of fabrication. However, the use of silicon in micro-PCR chips poses some
drawbacks, especially in terms of the biocompatibility
issue. The high surface to volume ratio increases the
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importance of the surface chemistry on the biological
operations in these micro devices.12
Native silicon was found to be an inhibitor of PCR
and nucleic acids ampliﬁcation in an untreated siliconbased PCR chip had a high failure rate.13 To render the
inner surface of silicon-based micro-PCR chips, surface passivation procedures have been developed,
which can be classiﬁed into two types: static passivation and dynamic passivation.14 Static passivation
means that before performing PCR, the surface is
treated by oxidizing silicon4,6,9 –11 or by silanizations,5,8 while the dynamic approach refers to adding
the passivating agents directly into the PCR mixture.7,8,10,14 Early studies revealed that passivating the
silicon surfaces with a silanizing agent followed by a
polymer treatment can result in a good ampliﬁcation
but the yields were inconsistent within the different
treatments and were not always comparable with PCR
in the conventional tubes.13 Further research indicated
that silanization of SiOx surfaces alone will not be
suitable for multiple PCR or long-term application
because of degradation of the surface-passivating organic ﬁlm.15 Most dynamic coatings performed for
silicon-based PCR chips have used bovine serum albumin (BSA) as the passivating agent. It has been
found that in conventional ampliﬁcation experiments,
high concentrations of BSA caused lower yields than
controls (without BSA added) and ampliﬁcation could
even be shut down at a very high BSA concentration.6
Hence, a given PCR reaction in silicon-based microchip should be optimized in advance to ﬁnd the optimal BSA concentration. Among the passivating methods, thermally oxidized silicon surfaces were
demonstrated to be compatible with PCR to give consistent ampliﬁcations when compared with reactions
performed in conventional PCR tubes.13
As for the inhibition mechanism, more and more
data suggest that the inhibition of PCR by siliconrelated materials is mainly due to the adsorption of the
Taq polymerase and/or the nucleic acid onto the chip
inner surfaces and not from a straight chemical action.6,15,16
In experiments reported for analysis of silicon inhibition effects on PCR, the PCR ampliﬁcation results
were all detected by gel electrophoreses.13–16 This offchip manual operation increases the potential for cross
contamination, and the additional post-PCR step can
only provide a qualitative insight into the inhibition
phenomena. This implies that the different gel band
ﬂuorescence intensities in the electrophoresis cannot
be simply taken as evidence of inhibition effects. In the
recent past, real-time PCR-based assay has become an
invaluable tool for many scientists working in different disciplines, especially in the ﬁeld of molecular
diagnostics. The real-time PCR technique was characterized by a wide dynamic range of quantiﬁcation, a
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high sensitivity and high precision.17,18 No post-PCR
steps required minimizes risks of cross contamination.
The aim of the present work was to provide a quantitative insight into silicon substrate inhibition effects
on polymerase chain reaction by a real time PCR
approach. Two kinds of silicon nanoparticles with
different oxidation states at their surfaces were used as
experimental silicon materials. Reactions between the
silicon-related materials and the PCR mixture were
evoked by mixing the silicon nanoparticles with the
PCR reagents, and subsequently stopped by a high
speed centrifugation to sedimentate the nanoparticles
onto the inner surface of the experimental tubes. Fluorescence histories of the real-time detection were
used to evaluate the inhibition effect and to explore its
mechanism.
MATERIALS AND METHODS
Silicon particulate materials
To minimize the parasitic thermal mass introduced by the
additional silicon materials, sol– gel prepared silicon nanoparticles with a nominal diameter ranging from 20 to 50 nm
(ZhongChao Nano, China) have been used as the test materials in the present experiments. Two kinds of silicon nanoparticles were examined: (1) silicon nanoparticle exposed in
the air for a long time with a native oxide layer formed on its
surface, named as silicon nanopaticle I hereafter, and (2)
nonoxidized silicon nanoparticles which were taken out
from a nitrogen protected bottle just before experiments,
named as silicon nanoparticle II.
X-ray photoelectron spectroscopy (XPS, PHI-5300 ESCATM, PerkinElmer, USA) was used to evaluate the surface
oxidation degree of the two nanoparticles by measuring the
spectra of the two nanoparticles, compared with a silicon
wafer with a thick thermal oxide layer (fabricated by standard industrial thermal oxidation process in Hebei Semiconductor Research Institute, Shijiazhuang, China; thickness of
its oxide layer was larger than 110 nm). An aluminium
anode was used as source, operating at 250 W. The binding
energies were lined up with respect to the C1s peak at 285
eV. Wide-scan spectra for the three samples are illustrated in
Figure 1(A). Si2p high resolution spectra for the three samples, as shown in Figure 1(B), indicate a clear Si2p peak at
103.3 eV in the nanoparticle-I spectrum, signiﬁng that the
nanopartilce-I was slightly oxidized. Mean while, XPS of
nanoparticle-II exhibits a very weak Si2p peak at 103.3 eV,
but a distinct one at 99.3 eV. No Si2p peak at 99.3 eV for the
thermal oxide SiO2 sample was detected because the thickness of its oxide layer was much larger than the inelastic
mean free path of XPS. Thickness of the silicon oxide overlayer can be calculated from the spectrum by using the
following equation19
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where  was the angle between the sample surface plane and
the electron analyzer, SiO2 was the attenuation length of the
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nanoparticle-suspended liquid was 186 ⫾ 0.8 mm2/L.
Mastersizer 2000TM (Malvern Instruments, UK) was used to
evaluate the cluster degree of the two kinds of nanoparticlesuspended liquids. Results showed that the average diameters of nanoparticle I and II clusters in sterile water were 399
and 297 nm, respectively.

PCR Protocol

Figure 1. XPS spectra for the two silicon nanoparticles with
a thermal oxide silicon wafer. (A) Wide-scan spectra for the
three samples, (B) Si2p high resolution spectra for the three
samples (selected data from panel A).
Si2p photoelectrons in SiO2, and ␤ was the ratio of the Si2p
intensity from inﬁnitely thick SiO2 to that of Si. In the
present experiments,  was 45°, and as recommended by
Shallenberger et al 20 SiO2 and ␤ were taken as 2.7 nm and
0.83, respectively. Therefore, the thickness of the native silicon oxide ﬁlms of the nanoparticle I and II were calculated
to be about 3.33 and 2.52 nm, respectively.
The speciﬁc surface area (surface area per unit mass) of
the two kinds of nanoparicles were measured by Brunauer–
Emmet–Teller adsorption method (BET, NOVA4000TM,
Quantachrome, USA). On the basis of nitrogen adsorption,
the speciﬁc surface area of the silicon nanoparticle I was
47.63 m2/g and that of the nanoparticle II was 77.83 m2/g.
To guarantee that the silicon-related material surface areas
in the individual experimental tubes were the same; 3.9 mg
of silicon nanoparticle I and 2.4 mg silicon nanoparticle II
were added into two tubes with 1 mL sterile water, respectively. The ratio of silicon surface area to volume of each

In the present experiments, the ampliﬁcation target was
DNA of Hepatitis B Virus (HBV, clinical samples provided
by No. 302 Hospital), and the buffer in the present experiment contained 10 mM Tris–HCl, pH 8.3, 50 mM KCl, 3.5
mM MgCl2, 400 mM dUTP, 200 mM each dATP, dCTP, and
dGTP, 300 nM each primer, and 200 nM probe (Shanghai
Sangon Co., China). The sequence for the forward primer
was 5⬘-ATC CTG CTG CTA TGC CTC ATC TT-3⬘, and the
sequence for the reverse one was 5⬘-ACA GTG GGG GAA
AGC CCT ACG AA-3⬘ (Shanghai Sangon Co., China). Together, these two primers deﬁne a 103 bp PCR product. For
homogeneous detection using the TaqManTM system, a ﬂuorescent probe was also included. The sequence of the HBVDNA ﬂuorescent probe was 5⬘-R-TGG CTA GTT TAC AGT
GCC ATT TG-Q-3⬘ (Shanghai Sangon Co., China), where R
was the ﬂuorescent reporter dye and Q was the ﬂuorescent
quencher dye.
In ilka ampliﬁcation, the PCR mixture containing 35 L
buffer, 0.5 L Taq polymerase (1.25 U/L AmpliTaq Gold
DNA polymerase, PerkinElmer), and 4 L DNA template
(extracted and puriﬁed from the clinical sample by QIAamp
DNA Blood Mini KitTM, Qiagen, USA) was mixed with the
silicon nanoparticles (volume ignored) as described in the
following section. The pre-denaturation period was 95°C for
120 s, and then 35 cycles of ampliﬁcation were performed
using a thermal proﬁle of 94°C for 20 s and 53°C for 30 s. The
ampliﬁcations were carried out in a real-time PCR instrument, SlanTM (Hong Shi, China).

Experimental procedures
To evaluate the silicon inhibition effects on HBV DNA ampliﬁcation, an experiment was designed, which is referred as
“inhibition experiment” hereafter. First, the two silicon nanoparticle-suspended liquids were oscillated to homogeneity.
Then, 1, 2, 5, 10, 20, and 50 L of the two liquids was distributed into 12 tubes, respectively. A 12,000 rpm (about 1000⫻g)
rotation for 3 min made the silicon nanoparticles partition to
the inner surfaces in each tube. Supernatant was aspirated. The
PCR mixture prepared beforehand was added into the 12
tubes, and then oscillated with the pelleted silicon nanoparticles to regenerate a homogeneous nanoparticles suspension.
The liquid was then allowed to stand for 3 min to make the
reagents contact the silicon nanoparticles adequately. Another
3-min 12,000 rpm rotation was used to separate the nanoparticles from the PCR mixture and was treated as a stopping
“reagent” of the possible reaction between the PCR reagents
and the silicon-related materials. The supernatants were extracted again and injected into another 12 fresh tubes. These 12
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TABLE I
PCR Mixture Preparation in Mechanism Experiments

Silicon nanoparticles
Adsorption objects
Adding reagent
Silicon remaining

Tube 1

Tube 2

Table 3

Tube 4

I
Enzyme ⫹ buffer
Template
Yes

I
Enzyme ⫹ buffer
Template
No

I
Template ⫹ buffer
enzyme
Yes

I
Template ⫹ buffer
enzyme
No

test samples with 2 positive controls (without silicon nanoparticles) and 1 negative control (without the HBV DNA template)
were thermally cycled in the SlanTM real-time PCR instrument.
Another experiment (“mechanism experiment”) was designed and carried out to distinguish the reactive reagent in the
PCR mixture with the two kinds of silicon nanoparticles and to
test whether the silicon material participated in the nucleic acid
ampliﬁcation directly. First, prepared nanoparticle I suspended
samples were oscillated to homogeneity and dispersed into 4
tubes, each tube with 50 L volume. Rotation for 3 minutes at
12,000 rpm was used to pellet the nanoparticles to the tube
inner surface, and then supernatants were extracted from the
tubes. Template– buffer or enzyme– buffer mixtures were
added into the different numbered tubes as illustrated in Table
I. The added reagents and sedimented nanoparticles were oscillated to homogeneity again, and stabilized for 20 min to
allow the reaction between the silicon materials and the PCR
mixture progress completely. Another 12,000 rpm rotation pelleted the silicon nanoparticles to the tube inner surfaces, and
then the absent reagent (template or enzyme) was injected into
each tube. Supernatants in Tubes 2 and 4 were extracted and
injected into two fresh tubes, respectively, and the following
ampliﬁcations were performed without silicon nanoparticles.
The other two tubes were placed into the SlanTM PCR instrument directly with the nanoparticles inside for PCR ampliﬁcation. The parasitic thermal mass effect introduced by the additional silicon nanoparticles was neglected because the thermal
mass of silicon nanoparticles inside tube was only about 0.19%
of that of the PCR mixture. The four test tubes were ampliﬁed
simultaneously with 2 positive controls (without silicon nanoparticles) and 1 negative control (without the HBV DNA template) in the SlanTM real-time PCR instrument.
Assay repeatability was tested and the results indicated
that the SlanTM real-time PCR instrument can provide a
robust and reliable nucleic acid ampliﬁcation (data not
shown).

sulted in an ampliﬁcation efﬁciency reduction. And with
the increase in the particle surface to volume ratio, the
ﬂuorescence intensities in ampliﬁcation decreased considerably. As shown in Figure 2(C), in the experiments
using silicon nanoparticle I (surface to volume ratio of
235.5 mm2/L), ﬂuorescence intensity in the tube at the
35th cycle was about 66% of that of the positive control,
while in the experiments with silicon nanoparticle II, the
factor was about 83%. Results indicate that the higher
oxidized silicon surface (native oxide on silicon nanoparticle I) exhibited a much stronger inhibition effect on the
HBV DNA ampliﬁcation. This conclusion seemed inconsistent with previous results 14 –16, claiming that the silicon oxide was compatible with PCR but pure unoxidized silicon was not.
These apparent contradicting phenomena can be
attributed to variations of silanol (active site) densities
at the surface with different oxidation degrees and
thermal treatment methods. Silanol surface was reported to be able to adsorb proteins considerably,21
and Taq polymerase adsorption on surface was proposed to be the primary cause for silicon inhibition
effects on PCR as discussed in the next section. For
naked silicon, the surface has a low oxygen concentration and presents a very small number of hydroxyl
sites, while the natural oxidation produces a SiOO
surface, which is easily oxidized to silanols in aqueous
solution. Preparations of PCR-compatible silicon oxides in the previous works usually include a very high
temperature thermal treatment (ca. 1000°C). This high
temperature oxidization process makes silicon surface
in the form of OOSiOO and stable against the hydrolysis processes.22 Therefore, the hydroxide (silanol) is
difﬁcult to form on the surface.

RESULTS AND DISCUSSION
Inhibition mechanism
PCR inhibition performance
In the inhibition experiment, ﬂuorescence histories in
the 15 experimental tubes (12 samples, 2 positive controls, and 1 negative control) for tubes containing silicon
nanoparticle I and silicon nanoparticle II were shown in
Figure 2. The real-time ﬂuorescence records indicated
that regardless of the oxidation degree of the nanoparticles surfaces, the existence of silicon-related materials
in the PCR mixture preparation procedure always re-

Fluorescence histories comparing the ampliﬁcations
with DNA adsorption tests and Taq polymerase adsorption tests in the mechanism experiments with silicon nanoparticle I (surface to volume ratio of 235.5
mm2/L) are shown in Figure 3(A). Ampliﬁcation
efﬁciencies decreased considerably in the Taq polymerase adsorption test, and ﬂuorescence intensity in
the tube at the 35th cycle was about 64% of that of the
positive control, while in the DNA adsorption test, the
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Figure 2. Fluorescence histories of HBV-DNA ampliﬁcations with different surface to volume ratios in inhibition experiment
(with 2 positive controls and 1 negative control). (A) Results for silicon nanoparticle I, (B) results for silicon nanoparticle II,
and (C) comparison of ﬂuorescence histories of silicon nanoparticle I and II with a surface to volume ratio of 235.5 mm2/L
(selected data from panels A and B).
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Figure 3. Fluorescence histories of the HBV-DNA ampliﬁcations in mechanism experiment (with 2 positive controls and 1
negative control). (A) Results of ampliﬁcations in DNA adsorption tests and Taq polymerase adsorption tests with silicon
nanoparticle I (surface to volume ratio of 235.5 mm2/L). (B) Results of ampliﬁcations with and without silicon nanoparticles
(silicon nanoparticle I with a surface to volume ratio of 235.5 mm2/L) in Taq polymerase adsorption tests.

factor was about 92%. Ct values, the threshold cycle
number at which ﬂuorescence begins to increase rapidly, usually a few standard deviations above the
baseline, in the both tests did not shift, as illustrated in
Figure 3(A). Because the plot of Ct value versus template number is linear in the real time PCR assay, the
observed non Ct value-shift means that there is no
detectable DNA adsorption on the silicon nanoparticles. Results demonstrated that the observed inhibition effects can be attributed to the adsorption of the
Taq polymerase on the silicon oxide surface and that
the adsorption of the template (DNA) is not a primary
factor. Ampliﬁcation results for nanoparticle II are the
same as those for nanoparticles I (data not shown),
except that the intensities of the inhibition are different. This is also the same as those found in gel electrophoresis detection.23

By controlling the silicon nanoparticles remaining in
the thermal cycling process, the straight inhibition
phenomena on PCR was tested. Fluorescence histories
of PCR ampliﬁcations with and without silicon nanoparticles (silicon nanoparticle I, surface to volume ratio of 235.5 mm2/L) in the Taq polymerase adsorption tests are shown in Figure 3(B). It is clear that
under these two kinds of conditions, the nucleic acid
ampliﬁcation efﬁciencies remain nearly the same. Similarly, ampliﬁcations with and without silicon nanoparticles in the DNA adsorption tests have the same
efﬁciencies (Data not shown).
We conclude that silicon nanoparticles have no direct inhibition effects on the PCR ampliﬁcation and the
inhibition phenomena should be ascribed to the adsorption of the Taq polymerase on the silicon related
material surface.
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CONCLUSIONS

5.

As a mature fabrication material used in the MEMS,
silicon has been widely used to fabricate miniaturized
PCR devices. However, in the silicon-based microPCR chips, surface chemistry plays an important role
in nucleic acid ampliﬁcation. We have shown that
silicon produces a detectable inhibition on the PCR
reaction, conﬁrming previous works.
In the present work, a real-time polymerase chain
reaction assay was used to provide a quantitative
insight into this inhibition phenomenon. In the experiments, silicon based nanoparticles with high speciﬁc
areas were mixed with the PCR mixture to evoke
interaction between them. A broad range of surface
analysis techniques including X-ray photoelectron
spectroscopy and Brunauer–Emmet–Teller adsorption
isotherms were used to characterize the two nanoparticles before the experiments. In PCR experiments,
ratios of the silicon/silicon oxide surface area to the
PCR mixture volume varied from 4.71 to 235.5 mm2/
L. Fluorescence intensities detected by the real-time
PCR instrument indicated that with the increase in
surface to volume ratio, the ampliﬁcation efﬁciency
decreased considerably, and particles with native oxide exhibited a much greater inhibition effect on nucleic acid ampliﬁcation than naked silicon particles.
Enhanced PCR inhibition phenomena were attributed
to the very large number of surface silanol groups
present on the native oxide surface. Experimental results suggested that the adsorption of Taq polymerase
(not nucleic acid) onto the silicon surface was the
primary cause of the PCR inhibition and silicon did
not participate in the ampliﬁcation process.
The next phase of this work will scrutinize the inhibition effects of other silicon-related materials, including silicon nitride, silicon dioxide (wet oxidation,
dry oxidation, and chemical vapor deposited oxidation), polysilicon, and other materials. Further studies
on the adsorption of Taq-polymerase on the microfabricated surface will also be a focus.
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