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ABSTRACT: Poly(dimethylsiloxane) (PDMS) films com-
posed of gold nanomaterials have drawn increasing interest
for their application in biosensors. However, gold and PDMS
exhibit poor compatibility, limiting their sensitivity in
biosensing. Herein, we reported a surface stress biosensor
based on a gold nanoparticle−PDMS (AuNP−PDMS)
composite film to detect bovine serum albumin (BSA). The
AuNP−PDMS film was fabricated by in situ reduction of
PDMS and further reduction of glucose. The compatibility
between gold and PDMS was improved via a two-step
reduction of AuNPs. The surface stress biosensor can
specifically detect BSA molecules within the 0−50 μg/mL
concentration range using the direct assay and the sandwich
assay. The sandwich assay amplified the surface stress and reduced the limit of detection to 0.035 μg/mL, which is lower than
that achieved by the direct assay. The sandwich-type biosensor also exhibits stability, repeatability, and specificity. This study is
expected to drive the development of new methods for biomolecule detection.
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1. INTRODUCTION

Nephropathy is a global health problem that poses a
considerable threat to human life. Microalbuminuria is the
presence of human serum albumin (HSA) at concentrations
exceeding 30 μg/mL and is an early signal of nephropathy.1,2

The severity of glomerular lesions can be inferred from the
HSA concentration in urine. Therefore, detection of HSA in
urine is highly significant.3 Owing to its structural homology
with HSA and affordability,4−6 bovine serum albumin (BSA),
instead of HSA, is frequently used in experimental tests.
Conventional approaches to detecting BSA include radio-

immunoassay and enzyme-linked immunosorbent assay.7 The
probe method also has been used to establish a BSA-sensing
system;8 however, the sensitivity and detection range still need
to be improved. Luminescence labeling and fluorescence
labeling have been employed in BSA detection and shown a
low limit of detection (LOD).9,10 Nevertheless, these methods
involve expensive reagents and complex preparation, restricting
the application of these techniques.11,12 Therefore, label-free,
low-consumption, and high-consistency materials and methods
need to be developed for BSA determination.
Gold nanoparticle−poly(dimethylsiloxane) (AuNP−PDMS)

composite plays a critical role in sensitive membrane materials.
The composite, which exhibits conductivity, high-strain
performance, chemical stability, and biocompatibility,13−17

can be applied to biosensors. Owing to their sensitivity to
surface stress, the AuNPs−PDMS can be used in the design of
a label−free biomolecule detection system.18,19 Extensive
studies have been conducted on the preparation of AuNP−
PDMS composite. The AuNP−PDMS composite freestanding
films have been fabricated by immersing cured PDMS sheets
into an aqueous chloroauric acid (HAuCl4) solution; however,
the scarcity and uneven distribution of AuNPs led to the poor
conductivity of PDMS.20 In another report, the AuNPs were
evaporated or sputtered on the surface of PDMS to prepare
AuNP−PDMS composite.21 However, these techniques en-
tailed high costs and were complex to operate. Currently, the
AuNP−PDMS composite is still widely used in biosensor
investigation due to its nontoxicity and ease of functionaliza-
tion.22−24 However, the poor compatibility between gold and
PDMS causes gold to easily fall off the surface of PDMS and
affect the performance in high-precision biosensing. Moreover,
few concerns were raised on the self-assembly of gold
nanostructure in PDMS to fabricate the AuNP−PDMS
composite and improve their compatibility.
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In the present study, we demonstrated a surface stress
biosensor based on an AuNP−PDMS composite film for BSA
detection. The AuNPs were self-assembled on PDMS by a
two-step reduction method. BSA was detected using a surface
stress biosensor via direct assay and sandwich assay. The
biosensors were characterized by ultraviolet−visible (UV−vis)
absorption spectroscopy, fluorescence microscopy, and scan-
ning electron microscopy (SEM). Furthermore, the surface
stress sensing principle of the biosensor was investigated as
well. Overall, the developed sandwich-type surface stress
biosensor is of significance for the diagnosis of nephropathy.

2. MATERIALS AND METHODS
2.1. Materials. BSA, BSA antibody (anti-BSA), phosphate-

buffered saline (PBS, pH = 7.4), 1-ethyl-3-carbodiimide (EDC), N-
hydroxysulfosuccinimide (NHS), 16-mercaptohexadecanoic acid (16-
MHA), peptide, protease, collagen, and hemoglobin were provided by
Sigma-Aldrich (Saint Louis, MO) and used without further
purification. PDMS (Sylgard 184 silicone elastomer kit) was
purchased from Dow Corning (Midland, MI). Chloroauric acid
tetrahydrate (HAuCl4·4H2O, Au ≥ 47.8%) was obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, CHN). Glucose
(C6H12O6·H2O, ≥99.5%) was purchased from Hengxing Chemical
Reagents (Tianjin, CHN). Potassium bicarbonate (KHCO3, ≥99.5%)
was purchased from Fuchen Chemical Regents (Tianjin, CHN).
2.2. Preparation of Biosensor Based on Surface Stress. A

PDMS prepolymer and a curing agent with a 10:1 weight ratio were
mixed and placed at −20 °C for 2 h to remove bubbles. The PDMS
was spin-coated onto glass substrates at 3000 rpm for 1 min using a
spin coater (SPIN-1200D, Midas, Korea), forming 18 μm films. The
PDMS films were further cured at 70 °C for 4 h, followed by peeling
off the glass substrate. Subsequently, 5 mm thick PDMS substrates
were fabricated and designed with holes measuring 4 mm in diameter.
These holes allowed the film to deform under surface stress.
During in situ reduction, the PDMS films were incubated in a 0.01

g/mL HAuCl4 alcohol solution for 24 h at room temperature. The
PDMS films were then fixed on the PDMS substrate with uncured
PDMS. During further reduction of glucose, the reducing solution was
fabricated by mixing 0.01 g/mL HAuCl4, 0.02 g/mL glucose, and 0.2
g/mL KHCO3 in a volume ratio of 2:1:1. The surfaces of the PDMS
film were partly covered with tapes (158080-ND, 3M). The PDMS
films were treated twice with a reducing solution. In the first instance,
the surfaces of the PDMS film remained in the reducing solution for 4
h at room temperature. The AuNPs, as electrodes and resistance

response layers (RRLs) were prepared on the PDMS film surface. In
the second instance, the reducing solution was added to the holes and
kept for 4 h as well. The AuNPs, as the BSA recognition layers
(BRLs), were formed on the other side of the PDMS film. The
fabrication process and optical photography of the biosensor are
shown in Figure 1.

2.3. Biosensors Characterization. UV−vis spectroscopy (UV-
3100, Shimadzu, Japan) was conducted to measure the absorption
spectra of AuNP−PDMS films. SEM (JSM-7400F, JEOL, Japan) was
employed to observe the surface morphology of the AuNP−PDMS
films. Fluorescence microscopy (DM3000, LEICA, Germany) was
used to characterize fluorescently labeled BSA on the AuNP−PDMS
films. Digital Multimeter (Keithley 2400, Tektronix) was purchased to
test the electrical characteristics of the biosensor.

2.4. Biosensor Functionalization. The biosensors were
thoroughly rinsed with acetone, isopropanol, ethanol, and deionized
water for 3 min sequentially and then dried in nitrogen. The BRLs of
the biosensor were treated with 5 mM 16-MHA for 6 h at room
temperature. Then, the biosensors were cleaned with ethanol and
deionized water to remove the 16-MHA residues. Equal volumes of 2
mM EDC and 5 mM NHS solutions were mixed directly, and the
BRLs were activated for 2 h. The biosensors were ultimately
immersed in 100 μg/mL anti-BSA for 2 h at room temperature and
washed with deionized water and then dried under nitrogen.

2.5. BSA Detection. The BSA solutions at different concen-
trations were injected onto the BRL of the surface stress biosensor
with a micropipette. Digital Multimeter probes were connected to the
biosensor electrodes to evaluate the current−voltage characteristic
curves. The diagram of the testing process is shown in Figure S1. The
resistance change (ΔR/R0) of the RRL was calculated with eqs S1 and
S2. Under similar experimental conditions, 10 parallel experiments
were conducted to detect BSA at different concentrations. The
standard deviation was obtained with eq S3. The relationship between
ΔR/R0 and BSA concentration was fitted linearly. The mean-square
error (MSE) and chi-square (χ2) of the fitting curve were calculated
using eqs S4 and S5, respectively.

3. RESULTS AND DISCUSSION

3.1. Self-Assembly of AuNPs in PDMS. The residual
silicon hydrogen (Si−H) groups of PDMS reduced AuNPs in
situ to prepare the AuNPs−PDMS composite film, which has
been studied for decades. However, the inconsistency and
insufficiency of AuNPs impede the study of electrical
conductivity of composite films.25,26 The electrical properties

Figure 1. Fabrication procedure of the biosensor.
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of AuNPs on the PDMS surface are difficult to evaluate due to
the lack of technologies to sustainably grow gold nanostruc-
tures. In this study, the in situ reduction of PDMS and further
reduction of glucose provide a method to continuously
perform self-assembly of AuNPs on the PDMS surface, as
shown in Figure 2a. The AuNP−PDMS composite films were

prepared, and high compatibility between AuNPs and PDMS
was demonstrated by simple two-step self-assembly method.
The schematic in Figure 2b shows the structure of the AuNP−
PDMS composite film.
During the in situ reduction of the PDMS, the Si−H groups

pre-reduced HAuCl4 to Au seeds. The Au seeds were
embedded onto the PDMS surface for further AuNP formation
and played an important role in improving the compatibility

between gold and PDMS (Figure 2c). The diameter of the Au
seed was 20.22 nm with a standard deviation of 1.29 nm
(Figure 2d). Moreover, colorless PDMS turned purple-red,
indicating the generation of Au seeds in PDMS via in situ
reduction (inset in Figure 2d). In the glucose reduction, the
AuNPs were further reduced and grew on the Au seed to form
an even distribution of gold nanostructures (Figure 2e). The
final AuNPs have an average diameter of 143 nm with a
standard deviation of 24.9 nm (Figure 2f). The UV−vis
absorption spectra confirmed the generation of AuNPs on the
PDMS surface (Figure S2). The energy-dispersive spectrum
(EDS) also reveals even the distribution of the Au seed and
final AuNPs on the PDMS surface (Figure S3). The electrical
properties of the biosensor exhibited sensitivity to micro-
deformation (Figure S4).

3.2. Anti-BSA Modification of Biosensors. The process
of anti-BSA modification is shown in Figure 3. A self-
assembled layer (SAM) of 16-MHA for further antibody
modification was formed on the BRL by chemical treatment.
The NHS/EDC solution enabled the activation of carboxyl
groups (−COOH) on SAM. The anti-BSA was modified on
the BRL by forming a covalent bond with activated −COOH
groups. The BSA could be specifically recognized and captured
by the anti-BSA-modified BRL of surface stress biosensor.

3.3. Response Principle Analysis of the Biosensor.
The as-prepared biosensor operates based on the surface stress
from antigen−antibody binding. Thus, signals captured by the
biosensor need to be induced by surface stress during
biomolecular detection. As a proof of demonstration, we
designed the control experiments and detected the BSA (20
μg/mL) and PBS with antimodified and antifree-surface stress
biosensors, respectively. The dynamic responses of the
biosensors are shown in Figure 4a. In the initial stages of the
tests, the gravity of the buffer caused the concave deformation
of the biosensor, generating a first resistance change equal to
−3.51 on the RRL (Figure 4a). No surface stress was
generated on the BRL; thus, the ΔR/R01 on the RRL of the
antifree biosensor with BSA and antimodified biosensor with
PBS remained at −3.51 within 0−20 min. However, the ΔR/
R02 on the RRL of the antimodified biosensors gradually
increased from −3.51 to 2.12 during the BSA detection (Figure
4a). The upward surface stress increased gradually on the BRL
and eventually exceeded the gravity of the buffer. The
biosensor also gradually deformed from concave to convex.
After the resistance of each RRL was stabilized, the buffers
were removed from the BRL, and the biosensor resistance of
each was measured again. The ΔR/R02 of the antimodified
biosensor with BSA only increased from 2.12 to 2.28 due to
the presence of surface stress on the BRL, as shown in Figure
4b. However, the ΔR/R01 of the other two biosensors was
restored to the initial value (Figure 4b). Therefore, surface
stress is considered as the ultimate cause of biosensor

Figure 2. Characterization of the AuNP−PDMS. (a) SEM image and
(b) schematic diagram of the AuNPs−PDMS composite film. (c)
SEM image and optical image (inset) of PDMS with Au seeds (Au
seed PDMS) after first step reduction. (d) Diameter distribution of
Au seeds in the PDMS surface, as measured from the SEM images of
samples of 200 particles using image processing. (e) SEM image of
the distribution of gold nanostructures after glucose reduction. (f)
Diameter distribution of AuNPs in PDMS surface after glucose
reduction, as measured from the SEM images of samples of 200
particles using image processing.

Figure 3. Schematic diagram of the modification procedure of the biosensor.
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resistance change. In the subsequent experiments, the final
resistance changes of the biosensor were obtained after
removing the buffer. The mechanism of resistance change is
examined as well. The surface stress on the BRL enables the
biosensor to convexly deform, resulting in the elongation of
distance between AuNPs on the RRL20,21,27 (Figure 4c,d).
Therefore, the decrease in the conductive path led to an
increase in the resistance of the RRL (Figure 4d). When the
surface stress was generated, the RC in the equivalent circuit
increased and the electrode resistance R0 remained unchanged
(Figure 4d).
3.4. Direct Assay and Sandwich Assay of BSA. The

analytical performance of the direct assay was studied using 10
μL of BSA solutions at various concentrations in the anti-BSA-
modified BRL of the surface stress biosensor. The BSA
molecules could be specifically recognized by the BRL (Figure
S5). The response curve of biosensor to the BSA is depicted in
Figure 5a. The resistance change of the RRL exhibited a linear

relationship with the BSA concentration from 0 to 50 μg/mL.
The linear equation is given by ΔR/R0 = 0.111CBSA − 0.031
(R2 = 0.965, MSE = 0.44, χ2 = 1.25 × 10−5). The 10 parallel
tests of BSA exhibited a high-performance repeatability. The
LOD was calculated to be 0.261 μg/mL with the formula LOD
= 3σ/S, where σ is the standard deviation of the 10 blank
measurements and S is the slope of the linear curve.28

To further investigate the sandwich assay of the surface
stress biosensor, the 50 μg/mL anti-BSA was selected as the
secondary antibody. The BSA solutions were first kept for 20
min on the anti-BSA-modified BRL of the biosensor.
Subsequently, 50 μg/mL anti-BSA was dripped onto the
BRL of the biosensor and kept for 20 min and then removed
from the BRL. An anti-BSA/BSA/anti-BSA interaction
occurred on the BRL of the biosensor. The second specific
binding of BSA to anti-BSA amplified the surface stress on the
BRL, causing a larger convex deformation on the biosensor.
The resistance change of the RRL increased more significantly

Figure 4. Response principle of surface stress biosensor. (a) Dynamic response of the antimodified and antifree surface stress biosensor to 10 μL of
BSA (20 μg/mL) and 10 μL of PBS. Negative sign indicates resistance change caused by concave deformation of thin film. (b) Resistance change of
antimodified and antifree biosensor after removing BSA and PBS without binding. (c) Schematic diagram of response mechanism of surface stress
biosensor. (d) Resistance change mechanism diagram of surface stress biosensor.

Figure 5. Response curves and standard deviation of BSA detection with different assays: (a) direct assay and (b) sandwich assay. The curves
correspond to the resistance change of surface stress biosensor to the BSA concentrations ranging from 0 to 50 μg/mL.
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in the sandwich assay than in the direct assay, as shown in
Figure 5a,b. The linear equation is represented by ΔR/R0 =
0.264CBSA + 0.075 (R2 = 0.9928, MSE = 0.23, χ2 = 3.16 ×
10−6). The LOD of the sandwich-type biosensor was 0.035 μg/
mL, which was lower than that of the direct assay. The
biosensors exhibited good repeatability, as indicated by 10
sandwich assays of BSA.
Table 1 compares the performances of the surface stress

biosensor with those of several other reported methods of BSA
detection. The as-prepared surface stress biosensor has a lower
LOD than those of other biosensors.8−10 Specifically, the LOD
of the as-prepared sandwich-type biosensor was improved. The
as-prepared biosensor demonstrated its advantage over the
probe method with respect to the detection range;8,9 however,
luminescence detection, fluorescence detection, and electro-
chemistry were superior.10,29 Furthermore, the AuNP−PDMS
membrane involved a simple preparation method and
exhibited a low consumption. Therefore, the as-prepared
sandwich-type surface stress biosensor shows a potential for
applications in the BSA detection.
3.5. Stability of the Surface Stress Biosensor. The

stability of the surface stress biosensor was studied by tracking
its response to 20 μg/mL BSA with a sandwich assay at the
same intervals of time. The biosensors were modified using the
anti-BSA under similar conditions and stored at 4 °C. For
every single detection cycle, the BRL of the biosensor was
combined with the BSA solution and 50 μg/mL anti-BSA for
20 min, respectively, and then the buffer was removed. The
response of the biosensor after the daily time span is shown in
Figure 6. The resistance changes of the RRL were nearly
constant with a relative standard deviation of 2.1%, indicating
the excellent stability of the biosensor for BSA detection.

3.6. Specificity of the Surface Stress Biosensor. To
study the specificity of the surface stress biosensor, BSA,
peptide, protease, collagen, and hemoglobin, each at a
concentration of 20 μg/mL, were detected with a sandwich
assay. The resistance changes of biosensor are shown in Figure
7. The biosensor with BSA results in a considerable variation in

resistance, indicating the high specificity for BSA detection. A
mixtures of BSA with other biomolecules were also analyzed
using the biosensor, revealing the high-performance selectivity
of the biosensor (Figure S6). Hence, the surface stress
biosensors have potential for application in urinalysis.

4. CONCLUSIONS
In summary, a surface stress biosensor based on an AuNP−
PDMS film was fabricated for sensitive BSA detection. The
compatibility between gold and PDMS was improved by in situ
reduction of PDMS and further reduction of glucose. Surface
stresses from the specific recognition of BSA and anti-BSA was
captured by the biosensor. The surface stress biosensor
successfully detected BSA at wide concentrations ranging
from 0 to 50 μg/mL with direct assay and sandwich assay. The
anti-BSA, as the secondary antibody, effectively reduced the
LOD of the biosensor to 0.035 μg/mL, which is an order of
magnitude lower than that achieved with direct assay. In
addition, the biosensor exhibits good specificity and stability
for BSA detection. The study not only provides a method for
BSA detection but also shows its application potential in
biomolecular detection
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Table 1. Comparison of Analytical Methods Reported for BSA Detection

material method detection range LOD refs
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Figure 6. Stability measurement of 20 μg/mL BSA on the surface
stress biosensor.

Figure 7. Resistance changes of surface stress biosensor caused by
different biomolecules.
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