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ABSTRACT: To expand the applications of flexible biosensors in point-of-care
healthcare applications beyond monitoring of biophysical parameters, it is
important to devise strategies for the detection of various proteins and
biomarkers. Here, we demonstrate a flexible, fully organic, biodegradable, label-
free impedimetric biosensor for the critical biomarker, vascular endothelial
growth factor (VEGF). This biosensor was constructed by photolithographically
patterning a conducting ink consisting of a photoreactive silk sericin coupled with
a conducting polymer. These functional electrodes are printed on flexible fibroin
substrates that are controllably thick and can be free-standing, or conform to soft
surfaces. Detection was accomplished via the antibody to VEGF which was
immobilized within the conducting matrix. The results indicated that the
developed flexible biosensor was highly sensitive and selective to the target
protein, even in challenging biofluids such as human serum. The biosensors

antibody containing
biocomposite in

flexible
sensor

themselves are biocompatible and degradable. Through this work, the developed flexible biosensor based on a simple and label-
free strategy can find practical applications in the monitoring of wound healing or early disease diagnosis.
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biomarker detection

lexible biosensors have been gaining increasing attention,

particularly in the fields of wearable and implantable POC
monitoring systems for human health.'"”* Such devices
comprise mechanically compliant supporting substrates, with
sensing regions that can maintain their duty of signal
transduction even when the system is under motion or
physical deformation. In comparison to their rigid counter-
parts, flexible sensors are typically designed to functional at
nonplanar, soft, and even nonstationary biointerfaces. This
feature enables operation directly at sites of interest, and
without the interrupting the normal activities of the wearer.
However, to date, most flexible sensors have focused primarily
on the measurement of biophysical parameters such as
temperature, pH, heart rate, blood/intraocular pressure,
etc.”™’ Similarly, small molecule chemical analytes, such as
ions, glucose, cortisol, dopamine, etc. have been studied.*” In
contrast, larger biomarkers, such as proteins and biomacro-
molecules have been relatively less explored, because of
challenges in immobilizing the biorecognition elements (e.g.,
antibody, aptamer, etc.) and signal transduction on a flexible
substrate.'” The development of mechanically flexible and
conformable biosensors for the accurate detection and
sensitive quantification of specific biomarkers in clinical
diagnosis can be critical toward the evaluation of regular
biological and pathological activities, or responses to
therapeutic interventions.'' "
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Here, we report on biosensors for the important biomarker:
the vascular endothelial growth factor (VEGF), using flexible
silk protein matrices with a biocompatible, antibody-containing
conducting ink. VEGF is a key protein regulator in angio-
genesis, vasculogenesis, and endothelial cell growth.B’14
VEGF s, the predominant isoform of VEGF,, is involved in
numerous types of cancer development and metastasis.'"'>"®
It plays a pivotal role in pathological angiogenesis associated
with tumor growth, with overexpression resulting in additional
blood vessels to provide independent blood flow.'""'® Elevated
levels of VEGF in human blood serum is often considered an
important indicator of several diseases including cancers.'”~"”
Therefore, VEGF is a useful biomarker to demonstrate
detection in various settings. Significant efforts have been
directed toward this goal, including immunoassays,zo’21
fluorescence imaging,22 and biosensors.">!'7**7%% While the
enzyme-linked immunosorbent assay (ELISA) has a tendency
to be the gold standard for clinical quantification of many
protein biomarkers with low limits of detection (LODs) and
good specificity,”~** it is not ideal for point-of-care (POC)
applications. Drawbacks include lack of portability, complex
protocols with long assay time, difficulty for multiplexed
sensing, and low cost-effectiveness.”*° Therefore, other
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Table 1. Some Representative Detection Strategies for VEGF*

detection strategy recognition target LOD linear range ref
Impedimetric Au electrode- MPA- VEGF receptor 1 VEGFR1 human VEGF 10 pg/mL 10—70 pg/mL 47
Au-cysteamine-PAMAM-VEGFR1 VEGFRI1 human VEGF S pg/mL 5—125 pg/mL 48
Differential Pulse GCE/chitosan-rGO/thionine-Ab-VEGFR2-  Anti-VEGFR2 VEGFR2 0.28 pM 0.4—86 pM 49
Voltammetry HRP
Au electrode/GO-ssDNA-VEGF-Ab,/PLLA/ ssDNA VEGF 45 50 pg/mL 0.05—100 ng/mL 24
Ab, PSA

Au electrode/MGO-Avastin Avastin human VEGF 31.25 pg/ 31.25-2000 pg/ 12

mL mL
Amperometry carbon fiber microelectrode-Fc-Ab-VEGF anti-VEGF VEGF 38 pg/mL  0-100 pg/mL 50
Field-effect transistor SCG-based channel fabricated by LPCVD multiplexed ANXA3, ENOI, 0.1 pg/mL 1 pg/mL—1 ug/ s1

antibodies VEGF mL

“Abbreviations used in this table: MPA, 3-mercaptopropionic acid; VEGFRI1 and R2, VEGF receptor 1; VEGFR2, VEGF receptor 2; GCE, glassy
carbon electrode; Ab, antibody; HRP, horseradish peroxidase; PSA, prostate specific antigen; PLLA, poly-L-lactic acid; Fc, ferrocene; MGO,
magnetic graphene oxide; SCG, single crystalline graphene; and LPCVD, low-pressure chemical vapor deposition.

Scheme 1. Microfabrication of Flexible, Impedimetric Biosensor via Photolithography of Photo Fibroin and Sericin-Based
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sensing strategies have attracted attention with high sensitivity,
rapid response, small footprints, and multiplexed sensing
capabilities, making them suitable for POC detection, and early
disease diagnosis and monitoring. Table 1 shows a brief
overview of some recently developed methodologies for VEGF
detection.

To date, however, there remains a gap not only between
laboratory-tested systems and clinical application, but also in
new modalities of detection. In particular, no nonrigid (flexible
or conformable) biosensors have been reported. Indeed,
quantitative detection of protein biomarkers in flexible
environments has not been widely shown. For the first time,
we report on a flexible, impedimetric biosensor for the
detection of VEGF ¢ as a target protein biomarker. The
biosensor is constructed on a photocross-linkable fibroin thin
film that is mechanically flexible and conformable to soft tissue.
The flexible biosensor was microfabricated using the previously
reported silk protein photolithography technique.”"** The
sensing is accomplished using photolithographically micro-
patterned electrodes of a conductive ink comprising photo-
crosslinkable sericin and the conducting polymer, poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PE-
DOT:PSS). VEGF sensing occurs via anti-VEGF4; antibodies
embedded in the ink forming a functional electrode. Unlike
conventional, rigid protein sensors that require physical or
chemical immobilization of antibodies on a surface,® the
conducting ink ensures protection of the antibodies for the
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capture of the targeted VEGF protein, as well as electro-
chemical performance. The use of electrochemical impedance
spectroscopy (EIS) in the developed biosensor offers a rapid,
simple, and label-free strategy to detect extremely low
concentrations of VEGF. Sensing of the protein is demon-
strated in various fluids (buffer, human serum, and simulated
urine, with and without albumin), as well as under conditions
of bending. The demonstrated flexible biosensor forms a
promising modality for the broader detection of large protein
targets in physiological environments or at biointerfaces.

B MATERIALS AND METHODS

Materials. All reagents were at analytical grade unless stated
otherwise. Silk fibroin was extracted and purified from Bombyx mori
silkworm (Mulberry Farms, CA) based on previously reported
protocols.®® Silk sericin was purchased from Wako Chemicals
(Osaka, Japan), and used as received. PEDOT:PSS (3%—4%) was
purchased from Sigma—Aldrich (St. Louis, MO) and diluted to 1%
when used. For the chemical modification of silk proteins, the
reagents 2-isocyanatoethyl methacrylate (IEM, 98% with <0.1% BHT
as an inhibitor) and anhydrous lithium chloride (LiCl) were
purchased from Sigma—Aldrich. Anhydrous dimethyl sulfoxide
(DMSO), formic acid (FA), and simulated urine were purchased
from Thermo Fisher Scientific (Waltham, MA). Polyclonal goat anti-
VEGF antibody, VEGF,4 (recombinant, expressed in E. coli), and
human serum (human male AB plasma, sterile-filtered) were
purchased from Sigma—Aldrich.

Synthesis of Photoreactive Silk Proteins. Photoreactive fibroin
(FPP) and sericin (SPP) were synthesized according the protocol
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Figure 1. SEM images of (a) the sensor electrode, (b) the sensor electrode in a rolled-up condition, (c) closeup of the electrode surface marked by
white rectangle in panel (a). The electrodes are 2—3 ym thick. (d) The free-standing biosensor is flexible and can be conformable to soft tissue
(panels (e) and (f)) for potentially in situ detection of biomarkers at tissue interfaces. Various electrode configurations can be easily formed via

photolithography.

previously reported by our group.*** Briefly, fibroin or sericin was
dissolved in 1 M LiCl in DMSO to form 1% (w/v) solution. The
proteins were conjugated with photoreactive methacrylate moieties
through the reaction with IEM at 60 °C for 5 h with continuous N,
purge. The modified proteins were precipitated in excess cold ethanol
overnight. The precipitate was washed with cold ethanol/acetone
(1:1) solution and centrifuged at 4 °C (three times). Finally, the
product was lyophilized to obtain photoreactive and cross-linkable
fibroin and sericin.

Fabrication of the Flexible Biosensor. Flexible fibroin
substrates and conductive micropatterns were formed using contact
photolithography (Scheme 1). FPP was dissolved completely in FA at
7.5% (w/v) concentration with 1.5% of Irgacure 2959 photoinitiator
(BASF, Ludwigshafen, Germany). The FPP solution was then drop-
cast on clean glass substrates. After the excess solvent was completely
evaporated, the thin films were photopolymerized by UV exposure
with an OmniCure S1000 UV Spot Curing lamp (Lumen Dynamics,
Ontario, Canada) equipped with a 320—500 nm filter. The entire
films were exposed at 365 nm (2 mW cm™2) for 2.5 s. The
biocomposite conductive ink containing 2.5% (w/v) of SPP, 1% (w/
v) PEDOT:PSS, 1 ug mL™" of anti-VEGF,¢; Ab, and 0.5% (v/v) of
Darocur 1173 (Ciba Specialty Chemicals, Inc., Basel, Switzerland)
was spin-coated on the FPP films (30 s, including an acceleration time
of 10 s). After the spin-coating and solvent evaporation in darkness in
a fume hood, the SPP/PEDOT:PSS/Ab conductive films results in a
PEDOT:PSS concentration of ~28%. Patterned was performed under
UV light for 1.5 s through a chrome photomask. The conductive
pattern (electrode) was developed in DI water, followed by rinsing
with excess water. The films themselves can be detached from the
glass supports by immersing in water. Scanning electron microscopy
(SEM) images were taken using a Hitachi SEM.

Electrochemical Impedance Measurement. EIS measure-
ments were conducted using a Gamry Interface 1010E Potentiostat
(Gamry Instruments, Warminster, PA). A standard three-electrode
setup was used with Ag/AgCl and Pt electrodes as the reference and
the counter electrodes, respectively. The fabricated flexible electrodes
were used as the working electrode with silver paste and epoxy
connects. The impedance spectra were recorded with an AC
amplitude of 10 mV at a bias potential of 0 V, and the scanning
frequency range of 1 Hz to 100 kHz. Incubation time to allow the
capture of VEGF was 15 min. Equivalent circuit modeling was done
using Gamry Echem Analyst software.
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B RESULTS AND DISCUSSION

Previously, we demonstrated photolithographically fabricated
silk protein-conductive polymer-based flexible biosensors for
the sensing of electrochemically active, small molecules such as
ascorbic acid, glucose, and dopamine.mﬂ'2 These flexible
biosensors are scalable, biocompatible, lightweight, easy-to-
fabricate, and degradable. In order to extend the capabilities of
such sensors as POC devices for healthcare, it is important to
expand the repertoire of targets to large molecule biomarkers
such as proteins which are typically not electrochemically active.
This is difficult, because of not only the lack of an easily
transduced signal, but also intrinsic challenges in capturing the
analyte of interest (via recognition elements such as antibodies
or aptamers). Specifically, these biorecognition agents need to
be properly immobilized on surfaces, making it difficult if the
substrate itself is flexible.***® This permits the development of
wearable POC sensors that can directly detect protein
biomarkers such as VEGF at biointerfaces or in biofluids.

Fabrication and Characterization of Flexible Bio-
electrodes. Flexible fibroin substrates and conductive micro-
patterns were formed using contact photolithography (Scheme
1). UV light photolithography of a composite ink comprising
the water soluble “photo-sericin” (sericin photoresist or SPP)
and PEDOT:PSS (SPP/PEDOT:PSS) enables the formation
of precise microscale features over macroscale areas. The silk
sericin provides the biological matrix for the electrode, while
also permitting easy fabrication. The “conducting polymer-
carrier protein” micropatterns are then deposited and
covalently attached to an underlying protein sheet comprised
of a cross-linked photofibroin (FPP) to form a flexible and
freestanding device. Because of the benign nature of the
process (benchtop, room-temperature, aqueous), it is possible
to disperse functional molecules such as antibodies within the
conducting matrix resulting in a bioactive composite ink. Here,
antibodies to the target VEGF were used to form the ink
(SPP/PEDOT:PSS/ADb).

Figure 1 shows SEM images of the sensor electrodes. These
mechanically flexible substrates can be rolled up and unrolled
several times without any breakage. Most importantly, they can
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be free-standing sensors that can perform detection untethered
to any rigid surface. The sensors shown in Figure 1d are the
ones used in the experiments discussed in this work. By making
the substrate films controllably thick (10—100 um), it is
possible to form films that can adapt and conform, even to
irregular surfaces. In prior work, we have shown that the
entirely organic device, with no metal components, is
biocompatible and controllably degradable (weeks to months)
in the presence of proteolytic enzymes (the degradation of the
electrodes is shown in Figure S1 in the Supporting
Information).>” This allows them to be conformable to soft
tissue for the potential in situ detection of biomarkers at tissue
interfaces (for instance, for measuring the extent of wound
healing).’® While in this work, we have not explicitly
conducted sensing experiments at a tissue surface, the image
(Figures le and 1f) shows representations on how this may
occur with different electrode configurations, and will be the
focus of subsequent research.

Electrochemical impedance spectroscopy (EIS) is used as a
label free-surface characterization technique. The adaptation of
EIS in this flexible biosensing system enables the ultrasensitive
detection of VEGF using a single-step procedure. For the
biosensor, the thickness of the SPP/PEDOT:PSS/Ab con-
ductive electrodes is an important parameter, because it affects
the electrochemical performance of the biosensor, as well as
the exposure of the antibody for the capture of the target
analyte (VEGF). Since the spin-coating rate determines the
thickness of the conductive film, this was initially evaluated and
optimized using EIS (Figure S2 in the Supporting
Information). Based on the Nyquist plots at different spin-
coating speeds, the electron transfer on the surface of the SPP/
PEDOT:PSS/Ab conductive films is entirely mass-transfer-
limited at low speeds (<500 rpm). While the thicker films were
more conductive, they were not suitable for the detection of
VEGF in this region. This is because the electron transfer
resistance is mostly affected by the electrolyte transfer rate in
the surrounding solution and not as much by the surface
characteristics of the conductive films. The latter is what was
altered in the event of the VEGF being captured by the
antibody. At higher spin-coating speeds (1000 and 1500 rpm),
thinner films are formed with higher impedance in PBS. The
Nyquist plots show that a kinetically controlled regime
appears, indicating that PEDOT:PSS, as the electron vehicle,
is not enough to support the electron transfer for all electrolyte
moved to the surface of the conductive films. Therefore, in this
region, the electron transfer resistance would be significantly
affected by the surface characteristics of the films, and thus
proportional to the amount of VEGF bound to the antibody. A
value of 1000 rpm for spin-coating was chosen in the following
experiments, because it gave the optimized result between the
electrochemical performance and the thickness of the
conductive films. No leaching of the antibody was observed
over several days, showing that the electrodes were stable.
Imaging of the surface (Figure 1c) showed that the electrode
surface was uniform at this speed.

Equivalent Circuit Modeling of the Biosensor. The
impedance data were fitted into an equivalent circuit model
(Figure 2a), which includes the bulk solution resistance (R;),
the electron-transfer resistance and double-layer capacitance at
the reference electrode (R, and C,), the resistance and
capacitance of the electrodes (R, and Cy,), and the electron-
transfer resistance (R,ey) and capacitance (C,ey) that represent
the interaction between the antibody and the target protein.
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Figure 2. (a) The equivalent circuit model used to develop the
corresponding sensor response to the added protein target. (RE =
reference electrode, W.E = working electrode). (b) The calibration
curve for the detection VEGF in PBS buffer. The corresponding
control shows sensor response with no addition of protein. All
experiments were conducted in triplicate.

The configuration of the biosensor involves antibodies
embedded in the conductive matrix of the electrodes.
Therefore, the antibody molecules can be envisioned to work
like “pin-holes” in the conductive matrix (SPP/PEDOT:PSS).
Binding of the VEGF changes the resistance and capacitance of
these “pin-holes”. As indicated in Table 2, the fitted results
from the equivalent circuit model confirms that R, showed
significant changes due to the conjugation of VEGF (100 pg
mL™"), indicating that the capture of VEGF increases the
charge transfer resistance of the system. In comparison, other
elements showed no or very small changes. The goodness of fit
(<0.00004, with p > 0.99) suggests that this equivalent circuit
model can well represent the electrochemical impedance
system of the developed biosensor. Therefore, the R, was
analyzed to obtain calibration curves of sensor response versus
the concentration of VEGF. The biosensors were tested in a
variety of biologically relevant fluids.

Determination of VEGF in PBS Buffer Solution. The
electrochemical responses of the sensors were initially studied
in PBS (pH 7.4) (Figure 2b). Since the photolithographic
patterning was performed in dry conditions, the electrodes
were presaturated in buffer, following which they became
stable for electrochemical measurements. The initial stability
experiments showed that the impedance decreased in the first
15 min (as the SPP/PEDOT:PSS/Ab biocomposite equili-
brated), following which they remained stable over several
hours (Figure S3 in the Supporting Information). Therefore,
electrodes were stored in buffer prior to reaction with VEGF.
Ten microliters (10 uL) of different concentrations of VEGF
were incubated, and the final detection was directly performed
without any washing step after incubation. The same protocol
for detection was followed in all experiments to mimic in situ
readings. For comparison, the negative control (NC) used
pure PBS for the incubation. As shown in Figure 2b, the
normalized AR, (which is defined as AR, = (R‘,egf:15 -
Riegf *)/Riegf ") of NC was —3.34% + 4.23%. The slight
decrease of R, in NC was likely caused by the continued
diffusion of buffer into the conductive films. As previously
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Table 2. Equivalent Circuit Model Fit of Sensor Response to VEGF (100 pg mL™").

R, (kQ) R (kQ) Crt (uF) Ry (kQ) Ciim (0F) Rygcr (kQ) Cyigr (PF) goodness of fit
T=0 3.59 + 1.86 9.57 + 433 344 + 7.00 249 + 1.90 17.1 + 20.3 632 + 30.8 4.31 + 0.687 3.07 x 1078
T = 15 min 3.00 + 1.87 9.78 + 4.21 32.3 + 6.98 25.7 £ 1.92 18.2 + 24.7 693 + 39.3 4.24 + 0.657 393 x 107°

shown, there are small changes in the swelling and porosity of
the conducting polymers due to electrochemical stimulation.*”
On the other hand, in the presence of protein, the biosensor
showed a wide detection range from 1 pg mL™" to 1 yg mL™"
with a linear correlation between AR, and the VEGF
concentration. The limit of detection (LOD) of VEGF in PBS
was 1.03 pg mL™!, with each experiment conducted in
triplicate.

Determination of VEGF in Human Serum. To
demonstrate the specific detection of VEGF using the
developed biosensor, the device was tested in samples of
human serum. Human serum is the portion of human blood
free of red and white blood cells and platelets, as well as
clotting proteins such as fibrinogen and prothrombin.”” It is a
complex aqueous solution (~95% water) containing a variety
of biological and chemical substances such as proteins
(albumins, globulins, lipoproteins, enzymes, and hormones),
nutrients (carbohydrates, lipids, and amino acids), electrolytes,
organic wastes, and other small organic molecules. It
represents a useful solution to test the specificity of the
developed biosensor against all the interferences mentioned
above, as well as its resistance to biofouling. Samples of serum
were spiked with different concentration of VEGF. The
background noise from the original human serum was tested
by using the original serum sample without any addition of
VEGF. The results (Figure 3) showed that, even in serum, the

80
60
S
40 2 =
x R =0.945
2 ’
0 I
\
0t—=
102 10 ~10® 10%
VEGF concentration (g/mL)

Figure 3. Calibration curve for the detection VEGF in human serum.
The corresponding control shows sensor response with no addition of
protein. All experiments were conducted in triplicate.

sensor has a wide detection range, from 1 pg mL™" to 100 ng
mL~!, where the normalized ARyggp has a linear relationship
to the concentration of VEGF in human serum. This detection
range can very well cover the cutoff levels of serum VEGF in
patients with certain types of cancer, which has been reported
to range from 0.1 ng mL™' to 1 ng mL™.*'~* The control
samples showed ARypgp of 11.84 + 4.44%, which is much
higher than that of the sensor when used in PBS, indicating
that the compounds in the human serum has larger
interference on VEGF sensing. The LOD of the sensor to
detect VEGF in human serum is 81.46 pg mL™".
Determination of VEGF in (Artificial) Urine. Recent
studies have noted that VEGF could serve as an important
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predictor for chronic kidney disease (CKD) progression in
patients.”*> The urinary excretion of VEGF has been reported
showing significant elevation for patients with worsening or at
advanced stage of CKD, in comparison to healthy controls.
Besides a water content of ~91%—96%, urine from healthy
individuals also contains urea, creatinine, inorganic salts
(sodium, potassium), organic compounds (proteins, hor-
mones, metabolites).”® While a flexible sensor is not
necessarily needed for urine testing, in this work, we studied
the viability of using this sensor to detect VEGF. As above, it
demonstrates the stability and specificity of the sensor in
different challenging environments. Two types of artificial
urine (AU) were tested: control (AUc) and urine containing
albumin (AUa). These samples were spiked with VEGF. From
the results (Figure 4), the sensor response to VEGF in both

40 R?=0.882

30
;\‘? R?=0.933
o 20
<

I
10 \ ‘
1012 10" 10°®

VEGF concentration (g/mL)

Figure 4. Sensor response in artificial urine (with and without
albumin). The negative controls for both artificial urine samples are
original samples without the addition of VEGF. The AR of artificial
urine control was 5.87 + 1.71%, and the AR of artificial urine with
albumin was 2.62 + 3.00%. All experiments were conducted in
triplicate.

AU samples showed high compliance to each other, indicating
that the interference of albumin in the artificial urine did not
affect the sensor for the detection of VEGF. The AR values of
AUc and AUa were 5.87 + 1.71% and 2.62 + 3.00%,
respectively. The sensor response to different concentrations of
VEGEF in these two types of artificial urine showed a very good
linear regression in the range of 1 pg mL ™" to 10 ng mL™". The
limits of detection (LODs) of the sensor to detect VEGF in
AUc and AUa were 2222 pg mL™' and 24.87 pg mL7},
respectively (S/N = 3). In comparison to previous reported
works (Table 1), it is evident that this flexible biosensor
presents very competitive metrics in various biologically
relevant fluids, without the need for additional passivation.
Mechanical Stability under Flexure. While the sensors
are observed to be free-standing and flexible, the stability of
performance was tested under conditions of mechanical
bending to demonstrate the effectiveness of the developed
flexible biosensors. It is further important to stress that all the
experiments discussed above were conducted with a freely
suspended sensor film (without any rigid support as seen in
Figure 1d). The unstressed (no bending) and stressed (30°,
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45°, and 90° bends were studied) electrodes were measured
for their overall impedance (Figure S). Overall, only a very
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Figure S. EIS spectra following mechanical bending of the biosensor.
The solid and dotted lines represent the magnitude and the phase
angle of impedance, respectively. The electrochemical impedance of
the biosensor was measured in 1X PBS at different frequencies at no
bending (0°) and inward bending (30°) states.

slightly increased magnitude of impedance (~200 ) was
observed (results for 45° and 90° bends are presented in the
Figure S4 in the Supporting Information). The phase angle of
the impedance is relatively featureless and showed negligible
changes before and after mechanical bending, indicating that
the characteristics of the electrochemical system were not
significantly altered. Considering the intended locations of use
for such flexible biosensors, it is clear that such extreme
bending would likely not be encountered. Nonetheless, these
experiments show the overall stability of the system to
mechanical challenge and robustness for operation under
nonplanar conditions.

B CONCLUSION

In summary, here we show a highly sensitive and flexible, label-
free biosensor for the detection of the protein biomarker
VEGF. The sensor was fabricated using photolithography to
form functional microelectrodes on a flexible support film of
silk fibroin. The electrodes themselves are fully organic,
comprising a silk protein in conjunction with the conducting
polymer PEDOT:PSS and the biorecognition element (anti-
body to VEGF). In contrast to rigid biosensors in which the
antibodies are covalently bound to surfaces, limiting their
application, here the antibodies were dispersed in the
conducting matrix that not only confer protection but also
enable the sensors to be used in freely suspended forms. This
permits the sensors to be mechanically compliant and
conformable to soft tissue for the impedimetric detection of
protein biomarkers in situ. A range of biologically relevant
fluids (buffer, serum, and urine) were demonstrated, showing
the high sensitivity (pg/mL) and selectivity of the biosensor.
Relatively small deviations of using the developed sensor in
different media also indicate high reproducibility, which is
important for the implementation as POC devices. Future
experiments will focus on directly applying the systems to soft
tissue or wound sites for the detection of VEGF and other
relevant protein biomarkers, thereby expanding the range and
utility of point-of-care devices used in personal healthcare
applications.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acssen-
s015.9b00230.

Flexible biosensors for the impedimetric detection of
protein targets using silk-conductive polymer biocompo-
sites; optical images showing gradual proteolytic
degradation of SPP/PEDOT:PSS electrodes (Figure
S1); optimization of the developed biosensor (Figures
S2 and S3); additional electrochemical impedimetric
characterization of the flexible electrodes under bending
(Figure S4) (PDF)
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