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Abstract
The preconcentration of proteins with low concentrations can be used to increase the sensi-

tivity and accuracy of detection. A nonlinear electrokinetic flow is induced in a nanofluidic

channel due to the overlap of electrical double layers, resulting in the fast accumulation of

proteins, referred to as the exclusion-enrichment effect. The proposed chip for protein pre-

concentration was fabricated using simple standard soft lithography with a polydimethylsi-

loxane replica. This study extends our previous paper, in which gold nanoparticles were

manually deposited onto the surface of a protein preconcentrator. In the present work,

nanofractures were formed by utilizing the self-assembly of gold-nanoparticle-assisted elec-

tric breakdown. This reliable method for nanofracture formation, involving self-assembled

monolayers of nanoparticles at the junction gap between microchannels, also decreases

the required electric breakdown voltage. The experimental results reveal that a high con-

centration factor of 1.5×104 for a protein sample with an extremely low concentration of 1

nM was achieved in 30 min by using the proposed chip, which is faster than our previously

proposed chip at the same conditions. Moreover, an immunoassay of bovine serum albumin

(BSA) and anti-BSA was carried out to demonstrate the applicability of the proposed chip.

Introduction
In biochemical analysis, numerous strategies, such as field-amplified sample stacking (FASS)
[1,2], isotachophoresis (ITP) [3], isoelectric focusing (IEF) [4], temperature gradient focusing
(TGF) [5], nanofilters [6], and nanoporous membrane/nanochannel techniques [7–10], have
been broadly exploited to preconcentrate the low-concentration protein samples [11] and de-
scribed in detail previously [12]. FASS, ITP, and IEF procedures are complex, and at least two
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types of buffer solution are needed. The operation of TGF is based on the electrophoretic veloc-
ity of an analyte changing as a function of temperature and thus requires precise temperature
control. An approach utilized the filtering effect to stack analytes on one side of a nanoporous
membrane or nanochannel with pore sizes or channel dimensions smaller than that of the ana-
lytes has been investigated [6]. In addition, analytes may be concentrated in nanopores or
nanochannels by the exclusion-enrichment effect [13], which is caused by the overlap of elec-
trical double layers in a nanofluidic channel, an inherent ion-permselectivity allows counter
ions to pass through the nanochannel, but repels coions from the nanochannel. Then, the po-
larization of concentrations produces the ionic depletion effect on the anodic side of the nano-
channel under an electric field. A nonlinear electrokinetic flow generated by the unbalanced
distribution of ions results in the fast accumulation of proteins in front of the induced ionic de-
pletion zone, referred to as the exclusion-enrichment effect [13]. The fabrication of nanofluidic
channels is the key technique to create the exclusion-enrichment effect and simple buffer sys-
tems employed is the major advantage of manipulation [14]. A number of available approaches
for the building nanochannels/nanopores have been reported [15]. Standard photolithography
and high-accuracy etching techniques [16] have been used to fabricate a microdevice with
nanofluidic channels. An extended space charge region was generated for electrokinetically col-
lecting and trapping proteins, with concentration factors of as high as 106–108 [7]. However,
this method is time-consuming and costly [11]. Porous membranes have received attention be-
cause commercially available membranes can be integrated easily onto microchips. An accu-
mulation factor of 105–106 has been achieved in a polydimethylsiloxane (PDMS) microdevice
integrated with polycarbonate track-etched (PCTE) membranes with 10-nm nanopores [6]. In
a microfluidic sample preconcentration system with a highly ion-conductive, charge-selective
polymer, poly-AMPS (2-acrylamido-2-methyl-1-propanesulfonicacid), a concentration factor
of 103 was reached in 20 min [8]. Another highly porous ion-selective material, Nafion resin,
has been integrated with PDMS/glass-based microfluidic chips. A surface pattern printed on a
submicron-thick Nafion film in PDMS/glass-based microfluidic chips was proposed for multi-
plexed proteomic sample preconcentration, achieving a concentration factor of 104 in 5 min
[8]. The PDMS gap created by mechanical cutting was filled using a Nafion polymer solution
and self-sealed due to its flexibility [10]. The preconcentration of β-phycoerythrin proteins in
large channels was achieved with a concentration factor of up to 104. A massive array of 128
parallel nanofluidic concentration microdevices with Nafion nanoporous junctions for high-
throughput biomolecule detection was proposed to substantially increase the dynamic range of
immunoassays [17]. Although using photopolymerization might overcome the problem of liq-
uid leakage, a complex optical setup and careful operation are required to complete the process
[18]. Thus, a simpler technique for fabricating nanochannels or nanofractures that adopts the
junction gap electric breakdown between two PDMS microchannels [19] was reported. Nano-
gaps form between the PDMS microchannels when a high voltage is applied. A direct-current
(DC) voltage of 1000 V was applied between 40-μm-wide microchannels; the corresponding
electric field of 25 V/μmwas slightly greater than the dielectric strength of PDMS (21 V/μm),
thus creating a nanogap with a depth of approximately 80 nm. Lee et al. demonstrated a con-
centration factor of as high as 104 within 1 h [19]. Spontaneously formed nanochannels under-
neath the PDMS layer were reversibly and weakly bonded to a glass substrate [20]. A
concentration factor of 103 to 106 was achieved in 30 min on a microchip with chevron-shaped
microchannels in a mirror-image orientation. However, the use of reversible bonding between
PDMS and a glass substrate is less robust than the permanent bonding obtained using oxygen-
plasma treatment. A microchip with two printed V-shaped microchannels in a mirror-image
orientation separated by a 100-μm gap has been reported [18]. Nanofractures were formed by
inducing an electric breakdown using a high electric field, with concentration factors of 103–
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105 achieved. Comparing to the previously described porous membrane-based technique, the
nanogaps were fabricated without using special reagents or materials; instead, a junction gap
electric breakdown was induced. However, the required voltage for initiating an electric break-
down is high, and the cross-sectional areas of the nanogaps are smaller than those of a porous
membrane [11]. Our previous study [12] reported a method for forming nanofractures by de-
posing gold nanoparticles at the junction gap between microchannels to reduce the required
electrical breakdown voltage. A 100-nL droplet of liquid containing 1 nM gold nanoparticles
was manually dropped onto the junction gaps; the necessary voltage was 36% of that required
for chips without nanoparticle deposition. A sample of proteins with an extremely low concen-
tration of 1 nM was concentrated to 1.5×104-fold in 60 min. The formation of nanofractures
via the self-assembly of gold nanoparticles to facilitate electric breakdown is investigated in the
present study. The exclusion-enrichment effect in a nanofluidic channel is adopted to precon-
centrate proteins. The proposed nanofluidic chip for the preconcentration of proteins was fab-
ricated using simple standard soft lithography with a PDMS replica. The method for
nanofracture formation, which involves the use of self-assembled monolayers (SAMs) of nano-
particles at the junction gap between microchannels, can be well controlled and is reliable. DC
current measurements as a function of applied voltage (I-V curves) were made to determine
the electrical properties between the junction gaps in the presence of the self-assembly of gold
nanoparticles. An immunoassay of bovine serum albumin (BSA) and anti-BSA was performed
to demonstrate the applicability of the proposed preconcentrator.

Experimental Section

Design and fabrication of microchips
A schematic diagram and layout of the proposed protein preconcentrator are shown in Fig 1.
PDMS, which is biocompatible and transparent, was adopted for fabricating the micro/nano-
fluidic channels in the chip for protein preconcentration. Two junction gaps were designed
along the main microchannel for the formation of nanofractures via electric breakdown. The
region for the self-assembly of gold nanoparticles was patterned on the glass substrate, as
shown in Fig 1A. A pair of microelectrodes was placed in the concentration region to demon-
strate the immunoassay of BSA and anti-BSA, as shown in Fig 1A. The dimensions of the
micro/nanofluidic channels are depicted in Fig 1B and the optical microscopy image is shown
in the inset. The depth and width of the main microchannel are 2 and 100 μm, respectively.
The width of the junction gap is 50 μm. To reduce the alignment difficulty during the bonding

Fig 1. (a) Schematic illustration and (b) layout of protein preconcentrating microchip with self-
assembly of gold nanoparticles (optical microscopy image shown in inset).

doi:10.1371/journal.pone.0126641.g001
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process of the PDMS replica with the glass substrate, the region of gold self-assembly was de-
signed to be 200 μm × 800 μm under the junction gaps and the vertical main microchannel to
ensure that it covered the junction gaps. The mold master for defining the microchannels was
fabricated by spinning S1818 (Rohm and Haas Electronic Materials LLC, Philadelphia, PA,
USA) on a silicon wafer (approximately 2 μm thick). A 5:1 weight mixture of PDMS prepoly-
mer and curing agent (Sylgard-184 Silicone Elastomer Kit, Dow Corning, Midland, MI, USA)
was poured and cured on the mold master to replicate the microchannel. After the PDMS repli-
ca had been peeled away, the inlet and outlet ports were created using a puncher. The region
for the self-assembly of gold nanoparticles on the glass substrate was patterned using standard
photolithography with S1818 photoresist. Silanization on the glass was achieved using 6 μL of
0.1% v/v (3-aminopropyl)triethoxysilane (APTES)/H2O solution for 1 min, as shown in Fig
2A. The glass substrate was then nitrogen-dried after being rinsed in deionized (DI) water, and
reacted for 1 h in 30 μL of liquid containing various concentrations of gold nanoparticles (0.5,
1.0, and 2.0 nM) for self-assembly. Subsequently, the glass underwent multiple rinses in ace-
tone, methanol, and DI water to eliminate the photoresist. The gold nanoparticles used in this
study were prepared based on the procedure reported by Natan [21](18). Briefly, a solution of
tetrachloroauric acid was synthesized by dissolving 39.37 mg of HAuCl4 3H2O in 100 mL of
distilled DI water. After the solution was heated to boiling, 10 mL of a 38.8 mM aqueous sodi-
um citrate solution was added to it under vigorous stirring to form a claret solution. The mean
diameter of gold nanoparticles was 13.7±0.8 nm. The original particle concentration was ap-
proximately10 nM. The solutions with gold colloids were diluted to 0.5, 1.0, and 2.0 nM, re-
spectively, for the self-assembly of nanoparticles on the glass substrate after silanization. Fig 2B
shows a scanning electron microscopy (SEM) image of the SAM of 0.5 nM gold nanoparticles.
After the nanoparticles had self-assembled in the designed region, the PDMS replica was bond-
ed to the glass substrate using oxygen-plasma treatment in anO2 plasma cleaner (PDC-32G,
Harrick Plasma Corp., Ithaca, NY, USA).Four electrodes were then inserted into the reservoirs
to apply the required voltage in the experiments. The fabricated chip is shown in Fig 2C.

Fig 2. (a) Schematic diagram of patterned APTES silanization and gold nanoparticle self-assembly
processes; (b) SEM image of SAM of 0.5 nM gold nanoparticles; (c) image of fabricatedmicrochip; (d)
illustrations of nanofracture formation for protein preconcentration.

doi:10.1371/journal.pone.0126641.g002
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Formation of nanofractures and protein preconcentration
Nanofractures were created between microchannels via junction gap breakdown. Phosphate-
buffered saline (PBS; 1 mM, pH 7.4) solution was used for the buffer system in this study. A
DC voltage was applied to the two anodic side reservoirs while the other reservoirs were
grounded, as shown in Fig 2D, initiating electric breakdown and thus forming nanofractures.
The I-V curves before and after the creation of nanofractures were measured using a source
measure unit (B2902A Precision Source/Measurement Unit, Agilent Technologies, Santa
Clara, CA, USA) to determine the electrical characteristics of nanofractures. Fluorescein iso-
thiocyanate (FITC)-labeled BSA (Sigma-Aldrich, St. Louis, MO, USA), diluted in 1 mM PBS at
concentrations of 1 nM and 100 nM, was allowed to fill the microchannel via capillary force to
demonstrate the on-chip protein preconcentration.

Apparatus
A high-voltage power supply (Series 225, Bertan High Voltage Corp., Hicksville, NY, USA) was
employed to provide the required voltages for both junction gap breakdown and protein pre-
concentration. The I-V curves for the region between the junction gaps before and after the ap-
plication of a DC voltage for electric breakdown were measured using an Agilent B2902A
Precision Source/Measurement Unit. Protein preconcentration was observed and recorded
using an inverted fluorescence microscope (CKX41, Olympus, Tokyo, Japan) with a mounted
CCD camera (DP71, Olympus, Tokyo, Japan) and connected to a computer running Olympus
DP Controller image software. The fluorescence intensities emitted by enriched FITC-labeled
BSA were quantified using ImageJ software (National Institutes of Health, Bethesda, Maryland,
USA), which can assess the density of each pixel.

Results and Discussion
The solutions with 0.5, 1.0, and 2.0 nM gold nanoparticles were adopted for the self-assembly
of nanoparticles on the glass substrate after silanization. When 1.0 and 2.0 nM gold nanoparti-
cles were used, the strength of bonding between the PDMS replica and the glass with a SAM of
nanoparticles was insufficiently high; therefore, the sample of proteins leaked out, as shown in
Fig 3A. SEM images of the SAM of 1.0 and 2.0 nM gold nanoparticles are shown in Fig 3B.
Loose bonding around the self-assembled nanoparticles occurred due to the higher density of
nanoparticles underneath the junction gaps, which acted as a steric hindrance during PDMS
bonding. However, a tight bonding formed with 0.5 nM gold nanoparticles because the lower
nanoparticle density created more space for the complete bonding between PDMS and the
glass substrate (Fig 3C).

The conductivity of a rectangular-shaped nanochannel was measured by Stein et al. [22],
who determined that the electrical conductance of channels becomes saturated at a value that
is independent of both the salt concentration and the channel height under low-salt conditions.
DC current measurements as a function of applied voltage (I-V curves) were performed in a
previous study [19] to investigate the formation and dimensions of the nanogap using a rela-
tively high concentration of KCl electrolyte (10–1 M). In the present study, DC current mea-
surements between the junction gaps were performed in a high-salt (1.0 M KCl) electrolyte
buffer system to determine the characteristics of nanofractures. The measured IV curves are
shown in Fig 4. Gold nanoparticles self-assembled onto the surface of the protein preconcen-
trator. The existence of gold nanoparticles was expected to enlarge the electric current in the
nanofluidic channel. I-V curves for the region between the junction gaps for 0.5, 1.0, and 2.0
nM gold nanoparticles used for self-assembly before the electric breakdown are shown in Fig
4A. When particle concentrations of 1.0 and 2.0 nM were employed, the currents substantially
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Fig 3. (a) Protein leakage due to insufficient bonding strength between PDMS replica and glass with SAM of 1.0 and 2.0 nM gold nanoparticles for
self-assembly; (b) SEM images of SAM of 1.0 and 2.0 nM gold nanoparticles; (c) schematic illustration of loose and tight bonding between PDMS
replica and glass with SAM of nanoparticles.

doi:10.1371/journal.pone.0126641.g003

Fig 4. (a) Measured I-V curves for region between junction gaps before application of electric breakdown for cases with 0.5, 1.0, and 2.0 nM gold
nanoparticles for self-assembly; (b) I-V curves before and after nanofracture formation for case with 0.5 nM gold nanoparticles for self-assembly
compared with case without SAM. Simple equivalent circuit for measurement is shown in inset.

doi:10.1371/journal.pone.0126641.g004
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increased because of the loose bonding, in contrast to that for the 0.5 nM concentration. The
I-V curves before and after nanofracture formation, when 0.5 nM gold nanoparticles was
adopted for self-assembly, are shown in Fig 4B and compared to the case without a SAM. In
the I-V curve for the case without a SAM before the electric breakdown, the current between
the junction gaps was almost zero while the applied voltage from 0 up to 3.0 V, indicating that
the resistance was infinite due to the absence of nanofractures. However, the electric current
between the junction gaps increased when 0.5 nM gold nanoparticles self-assembled on the
glass substrate, even though the electric breakdown had not yet been applied (as indicated by
the red line with triangular symbols in Fig 4B). The electric current went through the conduc-
tive gold nanoparticles. The creation of nanogaps around self-assembled nanoparticles was in-
evitable because of the nanoparticles underneath the junction gaps, despite the tight bonding.
These nanogaps create alternative current paths that increase the electric current, as shown in
the I-V curve with triangular symbols in Fig 4B. When a DC voltage of 1050 V (the dielectric
strength of a PDMS gap with a width of 50 μm) was applied to the chip without a SAM to initi-
ate electric breakdown, the slope in measured I-V curve increased significantly, indicating that
the electric current enhanced due to the formation of nanofractures. Various DC voltages for
initiating the electric breakdown on the chip with a SAM were applied. A voltage of 500 V was
adopted to create nanofractures for generating a depletion force sufficient for concentrating
proteins based on a method of the quantitative evaluation of the depletion force [23]. The mea-
sured I-V curve indicated that the current was substantially larger than that for the chip with-
out a SAM after electric breakdown. In our experiments, the solution with 0.5 nM
nanoparticles for self-assembly yielded reliable results for bonding and protein preconcentra-
tion; hence, this particle concentration was applied in subsequent experiments. Nanofractures
were created using applied voltages of as low as 500 V for 60 s when nanoparticles with a con-
centration of 0.5 nM self-assembled onto the glass substrate underneath the junction gaps.

After the nanofractures were generated, FITC-labeled BSA was diluted in a 1 mM PBS solu-
tion at concentrations of 1 nM, 100 nM, and 1 μM. It was then allowed to fill the microchannel
via capillary force to perform the on-chip preconcentration of proteins. The operations of the
electrokinetic protein preconcentration were presented in our previous work [12]. The deple-
tion regions in the main vertical channel elongated when a DC voltage of 50 V was applied to
the two anodic side reservoirs while the other reservoirs were grounded. The elongating deple-
tion regions from the top and bottom junction gaps merged and extended to the main horizon-
tal channel. A bias voltage of 46 V was set on the left anodic side to induce electroosmotic flow
to accumulate proteins. Fluorescence images of 1 μM FITC-labeled BSA in 1 mM PBS solution
taken at various time points are shown in Fig 5A. The results reveal that both the concentration
of BSA and the size of the preconcentration area increased with time, which demonstrates that
proteins can be concentrated using the proposed chip with SAMs of gold nanoparticles on a
glass substrate underneath the junction gaps. The concentration of collected BSA proteins ob-
tained from fluorescence intensity was quantified and averaged over a rectangular window
using ImageJ software. The concentration performance for initial protein concentrations of 1
nM and 100 nM is plotted in Fig 5B. To estimate the final concentration, the fluorescence in-
tensity of the standard sample solutions (15 and 25 μM) was measured. The results are shown
in this figure. The experimental results indicate that the protein sample with a concentration of
100 nM was concentrated to approximately 25 μM in 40 min (approximately 250-fold the ini-
tial concentration). The sample with a concentration of 1 nM exceeded 15 μM in 30 min, indi-
cating that a protein sample with an extremely low concentration of 1 nM can be concentrated
to more than 1.5×104-fold in 30 min. Moreover, an immunoassay of BSA and anti-BSA was
performed to demonstrate the applicability of the proposed preconcentrator. The modification
of the functional groups on the microelectrode surface is described below and shown in Fig 6A.
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After the PDMS microchannel was aligned to the microelectrode and bonded to O2 plasma-
treated glass, 4 μMO-(2-Carboxyethyl)-O’-(2-mercaptoethyl)heptaethylene glycol (Sigma–Al-
drich, St Louis, MO, USA) as a surface modification compound was injected into the micro-
channel and incubated for 12 h. The thiol groups form Au-S bonds on the surface of Au
microelectrodes and produce a SAM after exposure to carboxyl groups. PBS (1 mM) was used

Fig 5. (a) Fluorescence images of 1 μM FITC-labeled BSA in 1 mMPBS solution (pH 7.4) taken at various time points; (b) concentration
performance for initial protein concentrations of 1 nM and 100 nM. Chip with SAM of 0.5 nM gold nanoparticles at junction gaps had DC voltage of 500 V
applied to it for 60 s to create nanofractures.

doi:10.1371/journal.pone.0126641.g005

Fig 6. (a) Processes for modification of functional groups onmicroelectrode surface; (b) experimental
results of immunoassay with and without protein preconcentration. Initial concentration of FITC-BSA
was 10 μM. Reaction time for concentrating was 40 min (exposure time was 6 s).

doi:10.1371/journal.pone.0126641.g006
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to wash the microchannel after 12 h. Then, a mixture of 10 mg/mL EDC N-(3-Dimethylamino-
propyl)-N-ethylcarbodiimide hydrochloride (EDC, Sigma–Aldrich, St Louis, MO, USA) and 5
mg/mL N-hydroxysuccinimide (NHS, Sigma–Aldrich, St Louis, MO, USA) (dissolved in 1 mM
PBS) was injected and incubated for 1 h. This mixture acts as a coupling agent to activate the
carboxyl group of thiolated polyethylene glycol into a reactive ester and form an amide bond
with the amino group of anti-BSA on the SAM. The microchannel was washed after activation
of the functional groups. Anti-BSA (0.2 mg/mL) was injected into the microchannel and incu-
bated for 30 min to allow the formation of an amide bond with the SAM. After anti-BSA was
conjugated to the SAM, the microchannel was washed and blocked with 1% biotin (1 mg/mL)
for 30 min to minimize non-specific binding. Subsequently, the microchannel was washed
with 1 mM PBS. The chip was then ready for concentration and immunoassay experiments.
Experimental results of the immunoassay with and without protein preconcentration are
shown in Fig 6B. The initial concentration of FITC-BSA was 10 μM. The reaction time was 40
min and the exposure time was 6 s. This experimental result demonstrated that the immunoas-
say on the microelectrodes could be performed successfully in the proposed microchip. The
performance of the case with preconcentration was much better than that without preconcen-
tration. This experiment also shows the capability of the proposed microchip for immunoas-
says after protein preconcentration. The interaction between antigen and antibody for
immunoassay is designed on the recognition of protein tertiary structure. As shown on the
analysis results, the tertiary structure of BSA proteins does not significantly change after the
procedure of preconcentration. The protein structure still be kept and qualified to recognize its
antibody. It also demonstrates that the proposed preconcentration microchip is capable of
immunoassay applications.

Conclusion
This paper proposed a method that involves using SAMs of nanoparticles at the junction gaps
between microchannels for forming nanofractures, which reduce the required electric break-
down voltage. In our experiments, the solution with 0.5 nM nanoparticles for self-assembly
after silanization yielded reliable results for bonding and protein preconcentration. Nanofrac-
tures were created using applied voltages of as low as 500 V for 60 s when nanoparticles self-as-
sembled on the glass substrate underneath the junction gaps. The experimental results reveal
that a protein sample with a concentration of 100 nM became concentrated to approximately
250-fold the initial concentration. Moreover, a protein sample with an extremely low initial
concentration of 1 nM was concentrated to more than1.5×104-fold in 30 min. The concentra-
tion factor obtained with the proposed design is comparable to those of existing devices; how-
ever, the required voltage is substantially lower. The electrokinetic preconcentration of
proteins was demonstrated using nanofractures generated by nanoparticle-assisted electric
breakdown at the junction gaps. Furthermore, an immunoassay of BSA and anti-BSA was per-
formed, with results demonstrating the applicability of the proposed microchip.
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