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ABSTRACT: The label-free detection of human serum
albumin (HSA) in aqueous buﬀer is demonstrated using a
simple, monolithic, two-electrode electrochemical biosensor.
In this device, both millimeter-scale electrodes are coated with
a thin layer of a composite containing M13 virus particles and
the electronically conductive polymer poly(3,4-ethylenedioxy
thiophene) or PEDOT. These virus particles, engineered to
selectively bind HSA, serve as receptors in this biosensor. The
resistance component of the electrical impedance, Zre,
measured between these two electrodes provides electrical transduction of HSA binding to the virus-PEDOT ﬁlm. The
analysis of sample volumes as small as 50 μL is made possible using a microﬂuidic cell. Upon exposure to HSA, virus-PEDOT
ﬁlms show a prompt increase in Zre within 5 s and a stable Zre signal within 15 min. HSA concentrations in the range from 100
nM to 5 μM are detectable. Sensor-to-sensor reproducibility of the HSA measurement is characterized by a coeﬃcient-ofvariance (COV) ranging from 2% to 8% across this entire concentration range. In addition, virus-PEDOT sensors successfully
detected HSA in synthetic urine solutions.

A

a gold quartz crystal microbalance electrode, enabling the
detection in both cases of β-galactosidase.5,6 Subsequently, in
2007 Cosnier et al.7 demonstrated biosensors based on the
virus T7 capable of detecting human antibodies to the West
Nile virus.
Virus-PEDOT ﬁlms provide a simple and reproducible
method for immobilizing virus on an electrode that involves
entraining it in a ﬁlm of the conductive polymer PEDOT. We
have demonstrated two types of biosensors based upon this
bioaﬃnity matrix: virus-PEDOT nanowires prepared using the
lithographically patterned nanowire electrodeposition (LPNE)
process,8,9 and virus-PEDOT ﬁlms on planar gold electrodes.10,11 Biosensors based upon virus-PEDOT nanowires
transduce target binding using the through-nanowire resistance8,9 whereas ﬁlms of virus-PEDOT use electrical impedance
spectroscopy (EIS) without added redox species to transduce
the binding of a target molecule to the virus-PEDOT
composite.10,11 We have demonstrated that virus-PEDOT
biosensors can detect prostate speciﬁc membrane antigen
(PSMA), a 90 kDa glycoprotein that is a promising prostate
cancer marker, with a limit-of-detection in synthetic urine of
0.50 nM.11 These experiments establish the current baseline
capabilities for this technology in terms of its sensitivity and

new approach to the point-of-care (PoC) detection of
protein disease markers involves the use of virus particles,
rather than antibodies, within a bioaﬃnity capture layer.
Relative to antibodies, virus particles have several advantages
that make them attractive for emerging PoC sensor
technologies: First, virus particles can be engineered to bind
virtually any protein, even toxic proteins for which antibody
development is diﬃcult.1,2 Second, virus particles are less
thermally and chemically labile than antibodies, dramatically
simplifying the large-scale production, storage, and transport of
biosensors that rely on virus-based bioaﬃnity layers.3 Finally,
virus particles that are capable of antibody-like aﬃnities can be
produced in quantity at lower costs.4
Here we describe a PoC biosensor that exploits electrodeposited bioaﬃnity layers that consist of a composite of virus
particles with an electrically conductive polymer, poly(3,4ethylenedioxythiophene) or PEDOT. The receptors in these
biosensors are M13 virus particles. On the surface of these M13
virus particles, peptides are “displayed” as fusions to the Nterminus of a subset of this virus’ major P8 coat proteins that
compose the virus capsid. From libraries of >1011 unique
sequences, the displayed peptide on the virus surface is selected
on the basis of its target binding aﬃnity and speciﬁcity. The use
of whole virus particles as a bioaﬃnity matrix for biosensors
dates to 2003, when it was demonstrated that an engineered
M13 virus could be immobilized by physisorption onto the gold
transducer of an acoustic wave sensor5 and, somewhat later,6 to
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HSA antibody modiﬁed gold nanoparticles immobilized on screen
printed carbon electrode surfaces
modiﬁed glass surface with 3-aminopropyltriethoxysilane and HSA
antibody in between two gold electrodes
octapeptide fused phage immobilized by layer-by-layer assembly onto
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virus-PEDOT composite ﬁlm
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Table 1. Summary of Related Biosensing Literature Involving Virus Biosensors and/or HSA
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amplitude of the applied voltage was 10 mV, and 50 data points
were acquired spanning a frequency range of 5 Hz to 40 kHz.
Virus electrodes were then exposed to HSA solutions in run
buﬀer, monitored for equilibration, and ﬁve consecutive EIS
measurements were collected. Independent electrodes were
used for EIS measurements of HSA solutions and BSA
solutions for a positive and negative response, respectively.

limit-of-detection. However, research grade gold electrodes,
three-electrode potentiostats, and stand-alone reference and
counter electrodes were employed in this prior work. How can
this sensing modality be translated into manufacturable and
miniaturizable biosensor architectures and how well do these
work in terms of sensitivity, signal-to-noise, and sensor-tosensor reproducibility? We address these issues here for a
problem of broad importance.
The analyte of interest in this study is human serum albumin
(HSA, MW = 66.5 kDa) in urine. HSA is a well-established
urinary biomarker that can indicate a wide range of adverse
health conditions such as stroke, coronary artery disease, heart
disease, renal disease, and liver or kidney failure, especially for
those with diabetes.12 In healthy adults, HSA is excreted in
urine at a concentration below 20 mg/mL (or 300 nM).13−15
HSA levels of 20−200 mg/L (300 nM to 3 μM) indicate
microalbuminuria, a moderate increase in albumin related to a
risk of kidney disease,16,17 and patients with HSA concentrations above 200 mg/L are diagnosed with macroalbuminuria.13,18 Current dipstick tests are only sensitive to macroalbuminuria, a diagnosis that usually occurs when kidney
disease has irreversibly progressed to kidney failure.16
Speciﬁcally, there is a need for a urinalysis test for HSA that
is able to detect the protein from <20 mg/L to >200 mg/L
corresponding to <300 nM to >3 μM. In this study, we describe
the label-free detection of HSA in aqueous buﬀer and synthetic
urine using a simple, monolithic, two-electrode electrochemical
biosensor. A comparison of the current work compared to
relevant prior biosensor studies is summarized in Table 1.

■

RESULTS AND DISCUSSION
Electrodeposition and Characterization of VirusPEDOT Films. We describe a biosensor that consists of a
pair of gold electrodes lithographically patterned onto a
microscope slide, mated to a ﬂow cell (Figure 1a). The ﬂow

■

EXPERIMENTAL SECTION
Materials and Methods. Procedures associated with
materials, phage library design and selection of HSA binders,
device fabrication, and AFM and SEM analysis are described in
the Supporting Information.
Synthesis of Virus-PEDOT Films. Gold-ﬁlm electrodes
and ﬂow cells were cleaned by O2 plasma for 10 min prior to
electroplating. The ﬂow cell was then mounted on the gold-ﬁlm
electrodes. A ﬂame-cleaned platinum foil counter electrode,
wrapped around a mercurous sulfate electrode (MSE), was
used during electropolymerization. Film growth occurred by
cycling between +0.20 V and +0.80 V using a PalmSens3
controlled by PS-Trace software (PalmSens BV, Houten,
Netherlands) at a scan rate of 20 mV/s in plating solution.
Gold-ﬁlm electrodes were ﬁrst exposed to EDOT plating
solution (12.5 mM LiClO4, 2.5 mM EDOT) for 2 cycles of
electropolymerization. Electrodes were then exposed to virusEDOT plating solution (8 nM M13 virus, 12.5 mM LiClO4, 2.5
mM EDOT) and electropolymerized for 2 cycles. Electropolymerization of virus-EDOT was repeated with new virusEDOT plating solution three times for a total of 8 cycles.
Electrochemical Impedance Spectroscopy. Various
concentrations of HSA in run buﬀer (casein, Tween, PBS)
were prepared immediately prior to exposure of virus
electrodes. Newly plated virus-PEDOT ﬁlms were exposed to
blocking solution (casein, PBS) for 15 min followed by rinsing
with wash buﬀer (PBS, Tween). The electrode was then rinsed
three times with run buﬀer and allowed to equilibrate while
monitoring the impedance signal over time. Equilibrium was
deﬁned as an impedance drift of <0.5 Ω/min over a two minute
period. After equilibrium was attained, ﬁve consecutive EIS
measurements were taken using a PalmSens3 controlled by PSTrace software (PalmSens BV, Houten, Netherlands). The

Figure 1. Schematic diagrams of the biosensor and the ﬂow cell
described in this study. (a) An assembled ﬂow cell attached to a goldelectrode device consists of two gold contacts connected to a
potentiostat for EIS measurements. (b) A gold-electrode device and
detailed structure of a single PMMA ﬂow cell. (c) A single device with
a red box showing the two planar gold electrodes used for sensing. The
two gold electrodes have a length (L) of 2 mm and width (w) of 0.85
mm, and are separated by a 50 μm gap. (d) Dimensions of the ﬁrst
PMMA ﬂow cell layer which creates a cell holding 6 μL of solution
over the gold electrodes. (e) Top view representation of assembled
ﬂow cell. Solution ﬂows from the inlet port (right), through the cell,
and exits through the outlet port (left) into a reservoir with a 75 μL
capacity.

cell, in three parts, is assembled on the sensor electrode before
electrodeposition of the virus-PEDOT bioaﬃnity layer (Figure
1b). Each of the two gold electrodes is 1 mm × 3 mm, and the
two electrodes are separated by 50 μm (Figure 1c). These
electrodes span the 3 mm width of the ﬂow channel from edge
to edge, and are centered along its 2.3 mm length (Figure 1d).
Plating and sample solutions are introduced into the 75 μL
reservoir at top (Figure 1e), and the 6 μL volume of the ﬂow
channel quickly ﬁlls by capillary action. Both gold electrodes are
modiﬁed with identical virus-PEDOT ﬁlms that serve as
bioaﬃnity layers. The virus incorporated into the PEDOT ﬁlm
is engineered19 to selectively bind HSA with an apparent KD in
the 10−100 nM range, as estimated using enzyme-linked
immunosorbent assay (ELISA, Figure S2).
The sensor operates without counter and reference electrodes, but these additional electrodes were used for the
electrodeposition of virus-PEDOT ﬁlms. Both virus-PEDOT
ﬁlms were electrodeposited simultaneously using an aqueous
plating solution containing 8 nM virus, 2.5 mM EDOT, and
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Figure 2. Electrodeposition and SEM characterization of virus-PEDOT bioaﬃnity coatings. (a) Electrodeposition of a virus-PEDOT ﬁlm by cyclic
voltammetry. Film prepared by two cycles in aqueous EDOT solution (2.5 mM EDOT, 12.5 mM LiClO4) followed by eight cycles in a virus-EDOT
solution (2.5 mM EDOT, 12.5 mM LiClO4, 8 nM HSA virus). Virus-EDOT solution was replenished every two cycles. All scan rates were 20 mV/s.
Optical image of (b) bare gold electrodes and (c) gold electrodes after electrodeposition of virus-PEDOT ﬁlm. (d−g) Scanning electron microscopy
images of uncoated ﬁlms. (d) PEDOT ﬁlm prepared by 10 consecutive cycles of deposition in aqueous EDOT solution (2.5 mM EDOT, 12.5 mM
LiClO4). (e) PEDOT edge showing ﬁlm height of approximately 220 nm. (f) Virus-PEDOT ﬁlm prepared as described in part a showing dense
incorporation of phage bundles on the surface. (g) Virus-PEDOT edge showing primer layer of PEDOT with thickness of approximately 160 nm and
PEDOT-coated phage on top.

12.5 mM NaClO4. Ten voltammetric scans from +0.80 V to
+0.20 V versus MSE (Figure 2a) used were for the preparation
of each pair of ﬁlms, and the plating solution within the ﬂow
cell, which was quiescent during the deposition process, was
replaced every two cycles. Electrodeposited virus-PEDOT ﬁlms
were a uniform dark blue in color (Figure 2b,c).
Scanning electron micrographs of pure PEDOT ﬁlms
prepared from the same plating solution without the addition
of virus (Figure 2d) show a textured surface, dotted with 50−
500 nm diameter protrusions. The apparent ﬁlm thickness
measured in the SEM is in the 200−300 nm range (Figure 2e).
Virus-PEDOT ﬁlms prepared from plating solution containing
added 8 nM virus showed a surface with much greater
roughness; the ﬁlamentous texture observed is characteristic of
the virus-PEDOT composite (Figure 2f). At the ﬁlm edge, SEM
images acquired at high angular incidence of the electron beam
show that a thin PEDOT layer of ≈150−180 nm is present on
the gold surface, and virus particles protrude from this PEDOT
base layer like a shag carpet (Figure 2g). Several SEM images
were obtained at random spots on the PEDOT-phage ﬁlms and

were visually identical, showing complete and uniform coverage
over the gold electrodes.
In comparison to previous reports,10 refreshing the plating
solution every two scans dramatically increased the amount of
virus present in the resulting virus-PEDOT ﬁlms, as
qualitatively assessed from these SEM images (Figure 2d,f).
The observed depression in phage loading after just two plating
cycles suggests that virus particles diﬀuse slowly to the surface
of the electrode and are depleted within two cycles of
deposition. An increase in virus loading enables high density
of receptors on the virus-PEDOT sensors.
Atomic force microscopy (AFM) images of PEDOT-only
ﬁlms prepared using this procedure (Figure 3a) allow for
determination of the RMS surface roughness which is 15 nm.
At the edges of the gold electrode (Figure 3a, right), the ﬁlm
thickness could be determined, and was in the range 350−450
nm, signiﬁcantly thicker than that measured in the high vacuum
environment of the SEM. We attribute the diﬀerence to the
removal of water associated with ﬁlm swelling in the SEM
whereas ﬁlms imaged by AFM were not subjected to high
vacuum and likely retain a greater water content as a result.
1376
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upon exposure to 500 nM HSA in buﬀer, and a much smaller
shift is seen in Zim. In the subsequent discussion, we refer to the
shifts in Zre and Zim relative to buﬀer as ΔZre and ΔZim. Plots of
ΔZre and ΔZim versus frequency (Figure 4c,d) show that ΔZre
is superior to ΔZim for detecting HSA at 500 nM across the
entire frequency spectrum from 5 Hz to 10 kHz. The error bars
shown in these two plots represent the standard deviation of
the mean for multiple impedance measurements (n = 5) on a
single biosensor. The measurement-to-measurement dispersion
in impedance seen both for ΔZre and ΔZim is simply noise, and
a signal-to-noise ratio (S/N) can therefore be calculated at each
frequency point as ΔZre/σre and ΔZim/σim (Figure 4e,f) where
σre is the standard deviation of ΔZre across these ﬁve EIS
measurements at each frequency. These plots show that for
ΔZre (Figure 4e) a S/N of 50 is obtained at 500−600 Hz for
HSA whereas BSA at the same 500 nM concentration and
frequency is detected with a S/N of 1−3. For ΔZim, on the
other hand (Figure 4f), both HSA and BSA produce a
comparable S/N ranging from 10 to 50 across the frequency
spectrum. The tentative conclusion is that measurement of
ΔZre is superior to that of ΔZim for the detection of HSA under
these conditions. Since ΔZre represents the change in resistance
of the virus-PEDOT layer, and ΔZim is the change in the
quantity (ωC)−1 where ω is the angular frequency and C is the
capacitance, for the resistance of the virus-PEDOT bioaﬃnity
layer, we conclude that the resistance of the virus-PEDOT layer
is preferentially perturbed by HSA binding, relative to the
capacitance.
The extension of these EIS measurements to a range of HSA
concentration from 50 nM to 5 μM (Figure S3) conﬁrms that
ΔZre increases monotonically with HSA concentration from 50
nM to 5 μM. In addition to sensitivity and signal-to-noise, the
speed of biosensor response is also critically important. Real
time measurements of ΔZre at f = 340 Hz (Figure 5) show that
increasing the HSA concentration in the ﬂow cell causes a
prompt increase in ΔZre on the 5 s time scale followed by a
slower increase in ΔZre over the next 200 s or so. Using the
slower of these two time scales, a single measurement
comprising exposure to buﬀer and then to sample can be
accomplished in ≈8−10 min.
The sensor-to-sensor reproducibility for HSA detection can
be assessed by making repetitive measurements of HSA at a
particular concentration using diﬀerent sensors. The impedance
versus frequency data shown in Figure 6a (for ΔZre) and Figure
6b (for ΔZim) show error bars representing coeﬃcient-ofvariation (COV) for measurements at three diﬀerent biosensors
at each concentration. For ΔZre in the frequency range from
200 to 500 Hz, no overlap of these error bars occurs between
the seven concentration plots, suggesting that the biosensor
cleanly resolves these seven concentrations. COV values are
minimized for all concentrations in the 200−500 Hz window
(Figure 6c) and equal to 2−35% across this frequency range,
and for HSA concentrations from 50 nM to 2 μM. For ΔZim on
the other hand, error bars overlap across the frequency
spectrum (Figure 6b), and larger COV values apply (Figure
6d) demonstrating again that ΔZim is a less eﬀective
discriminator of HSA than ΔZre.
While Figure 6a shows that ΔZre progresses to higher values
as the HSA concentration increases, one can ask whether this
progression conforms to the Hill equation, which is expected to
model the sensor response:21

Figure 3. Atomic force microscopy of virus-PEDOT bioaﬃnity ﬁlms
and AFM line scans shown at the bottom. (a) PEDOT-only ﬁlm
prepared by 10 cycles of deposition in EDOT solution (2.5 mM
EDOT, 12.5 mM LiClO4). Topography of the middle (left) and the
edge (right) of ﬁlms imaged by atomic force microscopy. The ﬁlmedge height shown in line scans includes the gold electrode layer (60
nm). (b) Virus-PEDOT ﬁlm prepared by two cycles of deposition in
EDOT solution followed by eight cycles in virus-EDOT solution (2.5
mM EDOT, 12.5 mM LiClO4, 8 nM HSA virus), with virus-EDOT
solution replenished every two cycles. The rms roughness for PEDOT
and virus-PEDOT ﬁlms is ≈10 and ≈150 nm, respectively.

AFM images of virus-PEDOT ﬁlms (Figure 3b) show a much
more pronounced topography and a greater RMS roughness of
101 nm. The apparent ﬁlm thickness for these ﬁlms (Figure 3b,
right) is in the range 550−650 nm, but this value includes the
PEDOT ﬁlm and the protruding virus layer, that cannot be
distinguished in these images.
Detection of HSA in Buﬀer. We begin by comparing the
impedance response of virus-PEDOT biosensors in BSA and
HSA in order to ascertain the degree to which HSA can be
selectively detected. BSA and HSA are identical in size (66.5
kDa) and have 76% sequence homology, so this comparison
provides a challenging test for HSA selectivity.20 Nyquist plots
(Zim vs Zre) for virus-PEDOT ﬁlms immersed in run buﬀer
(Figure 4a) show behavior characteristic of a series RC circuit,
as expected. An equivalent circuit for the virus-PEDOT ﬁlm
quantitatively accounting for these observations is presented in
the Supporting Information. The addition of 500 nM BSA to
the buﬀer causes a slight, 1−4 Ω, shift in this curve to higher
Zre, but almost no change in Zim. For a diﬀerent virus-PEDOT
ﬁlm (Figure 4b), a larger shift in Zre of 8−10 Ω is observed
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Figure 4. Detection of HSA binding using electrochemical impedance spectroscopy (EIS). The EIS response of virus-PEDOT biosensors upon
exposure to 500 nM BSA (blue) and 500 nM HSA (red) is compared. No redox species are added to the solution in these measurements. Error bars
represent the standard deviation, ±1σ, of ﬁve consecutive EIS measurements on a single electrode. (a, b) Nyquist plots for virus-PEDOT ﬁlms in
solutions of run buﬀer (black) and 500 nM BSA or HSA. Plots of (c) ΔZre and (d) ΔZim versus frequency, where ΔZ is deﬁned as Zanalyte − Zbuffer.
Corresponding (e) ΔZre and (f) ΔZim signal-to-noise ratio, deﬁned as ΔZ/σ, as a function of frequency.

cooperativity is operating (that is, KD,app increases with HSA
loading), and it has a negative value when negative
cooperativity is indicated.21 The R2 value computed for the
best 4-parameter ﬁt of eq 1 to the data of Figure 6a is plotted in
Figure 6e. An R2 value > 0.9 is seen for all frequencies below
800 Hz, and R2 > 0.95 is observed in the frequency range 200−
500 Hz (yellow). The calibration of phage-PEDOT biosensors
was determined at a single frequency selected to maximize the
signal-to-noise ratio, minimize the COV, and provide the
highest R2 value for ﬁts of the Hill equation to our calibration
data. On the basis of these three criteria, the frequency selected
was 340 Hz. Using f = 340 Hz, for example, the ΔZre versus
CHSA calibration curve shown in Figure 6f is obtained. Hill
equation ﬁt parameters for ΔZre are summarized in Table 2.
The Hill coeﬃcient of h = 1.0 ± 0.2 indicates that there is no
cooperativity in phage-HSA binding, consistent with previous
studies.11
Nonspeciﬁc adsorption is well-controlled by casein blocking
of these virus-PEDOT ﬁlms. Blue data points in Figure 6f are
BSA while green and black data points represent measurements
of HSA conducted using a stop 4 virus which has no
measurable aﬃnity to HSA (green), and a pure PEDOT ﬁlm
containing no virus (black). Virus-PEDOT ﬁlms do show slight
nonspeciﬁc binding to BSA. Therefore, a conservative limit-ofdetection for virus-PEDOT ﬁlms is 100 nM HSA. Corresponding COV values for 100 nM to 5 μM HSA are within 2−8%.
Nonspeciﬁc binding is attributed to electrostatic interactions
between proteins and the positively charged PEDOT backbone.
The isoelectric point of HSA and BSA is ∼5, rendering the
proteins negatively charged in solutions with pH values above 5
such as buﬀer solutions (pH = 8) used in virus-HSA sensing.
Figure S4 demonstrates that lowering the pH of buﬀer solution
suppresses the negative charge on BSA and results in a decrease

Figure 5. Real time HSA biosensing. Plot of ΔZre versus time, of a
single virus-PEDOT electrode when exposed to three concentrations
of HSA, using a control virus that did not bind HSA (blue) and HSA
virus (green). A freshly electrodeposited virus-PEDOT ﬁlm was ﬁrst
immersed in run buﬀer (PBS-casein-Tween) until an equilibration
signal was reached. The time scan was then paused, and ﬁve EIS
spectra were acquired in rapid succession. Immediately following this,
the virus-PEDOT ﬁlm was exposed to 100 nM HSA in run buﬀer, and
the time scan was restarted within 5 s of exposure. This procedure was
repeated for exposures to 500 and 5000 nM HSA.

ΔZre = ΔZre,lim +

ΔZre,0 − ΔZre,lim
1+

h

( )
C HSA
KD

(1)

Here, the following abbreviations apply: ΔZre,lim is the limiting
ΔZre seen at high HSA concentrations, ΔZre,0 is the minimum
value of ΔZre seen at low CHSA, and KD is the dissociation
constant, which corresponds to the value of CHSA at which ΔZre
= (ΔZre,0 − ΔZre,lim)/2. The Hill coeﬃcient, h, equals 1.0 when
no cooperativity is present; it has a positive value when positive
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Figure 6. Sensor-to-sensor reproducibility of HSA detection. Calibration plot of (a) ΔZre and (b) ΔZim versus frequency for multiple virus-PEDOT
ﬁlms exposed to varying concentrations of HSA. ΔZ values for n = 3 independent virus-PEDOT electrodes were averaged to obtain each curve,
errors bars indicate ±1σ. Corresponding coeﬃcient of variation, deﬁned as the relative standard deviation for n = 3 virus-PEDOT electrodes of (c)
ΔZre and (d) ΔZim versus frequency plots for each HSA concentration. ΔZre shows regions of COV values <20% while ΔZim COV values are too
high for reliable measurements. At each frequency, ΔZre versus [HSA] was ﬁtted to the Hill equation and the square of the regression coeﬃcient, R2,
versus frequency plot (e). R2 = 1 represents the best ﬁt of the Hill equation to the data. The highlighted interval in parts a, c, and e indicates the
frequency range where ΔZre signal is largest, COV is at a minimum, and the peak for goodness of ﬁt occurs, respectively. (f) Calibration plot of ΔZre,
measured at 340 Hz, versus concentration. Each data point represents a diﬀerent virus-PEDOT electrode with error bars deﬁned as the standard
deviation, ±1σ, of ﬁve consecutive impedance measurements. Impedance data for HSA exposures to virus-PEDOT ﬁlms containing HSA (red)
phage are ﬁtted to the Hill equation (red line). Three controls to conﬁrm speciﬁc binding to HAS are shown: BSA exposure to virus-PEDOT ﬁlms
containing HSA binding phage (blue), HSA exposure to virus-PEDOT ﬁlms containing a control phage having no aﬃnity for HSA (green), and HSA
exposure to pure PEDOT ﬁlms containing no phage (black).

Table 2. Parameters for the Best Fit of the Hill Equation (Equation 1) to HSA Calibration Curves Acquired in PBS Buﬀer and
Synthetic Urine
PBS
synthetic urine

frequency (Hz)

ΔZre,0 (Ω)

ΔZre,lim (Ω)

KD (nM)

h

340
136

0.4 ± 1
1 × 10−16 ± 5

12.2 ± 0.5
15 ± 8

300 ± 50
1036 ± 1000

1.0 ± 0.2
0.5 ± 0.5

buﬀer (Figure 7a). Sensor-to-sensor reproducibility in synthetic
urine is maintained at <10% COV centered around 100 Hz
(Figure 7b). The optimal frequency point for calibrating virusPEDOT ﬁlms in synthetic urine was 136 Hz (Figure 7c) based
on the maximum signal-to-noise ratio, minimum COV, and
maximum R2 ﬁts to the Hill equation (Figure S6). Although the
impedance responses in synthetic urine and buﬀer follow a
similar trend, assessment of the Hill equation reveals signiﬁcant
diﬀerences in the ﬁt parameters (Table 2). In synthetic urine,
sensitivity decreases by an order of magnitude, and the Hill
coeﬃcient indicates negative cooperativity binding of virusPEDOT ﬁlms to HSA. We attribute this to interactions
between urea and the PEDOT backbone that induce a
reduction-like reaction. Amines participate in a nucleophilic
attack on the delocalized positive charge on PEDOT, displacing
charge carriers, and decreasing the conductivity of the PEDOT
ﬁlm. The two amine groups on urea enable such interactions
with PEDOT to increase the ﬁlm resistance and ultimately
reduce eﬃciency in impedance sensing toward analytes.22

of nonspeciﬁc binding with the inherently positive PEDOTonly ﬁlm. The addition of casein blocking solution similarly
inhibits nonspeciﬁc adsorption compared to sensing in pH 5
buﬀer. While casein is an eﬀective blocking agent for virusPEDOT ﬁlms, it can also block binding sights and suppress
sensor response. Such eﬀects are apparent in the observed KD
of virus-PEDOT biosensors, which is slightly higher than KD =
10−100 nM obtained by ELISA immunosorbent assays.
Detection of HSA in Synthetic Urine. To validate virusPEDOT sensor capabilities for urine analysis, EIS measurements for HSA detection were repeated in synthetic, buﬀered
urine. Casein blocking was not implemented in synthetic urine
sensing experiments. Negative controls in synthetic urine show
little nonspeciﬁc binding in agreement with previous studies
that show synthetic urine improves speciﬁcity.11 Urea disrupts
protein interactions and mimics the blocking activity of casein
which mitigates the nonspeciﬁc binding of HSA and BSA.
Virus-PEDOT sensors in synthetic urine demonstrated a
concentration dependent response to HSA similar to PBS
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Figure 7. Virus-PEDOT sensors in synthetic urine. Calibration plot of (a) ΔZre versus frequency for multiple virus-PEDOT ﬁlms exposed to varying
concentrations of HSA. ΔZ values for n = 3 independent virus-PEDOT electrodes were averaged to obtain each curve, errors bars indicate ±1σ. (b)
Corresponding coeﬃcient of variation (COV), deﬁned as the relative standard deviation for n = 3 virus-PEDOT electrodes of ΔZre versus frequency
plots for each HSA concentration. (c) Calibration plot of ΔZre, measured at 136 Hz, versus concentration. Each data point represents an
independent virus-PEDOT electrode with error bars deﬁned as the standard deviation, ±1σ, of ﬁve consecutive impedance measurements.
Impedance data for HSA exposures to virus-PEDOT ﬁlms containing HSA (red) phage are ﬁtted to the Hill equation (red line). Three controls to
conﬁrm speciﬁc binding to HSA are shown: BSA exposure to virus-PEDOT ﬁlms containing HAS phage (blue), HSA exposure to virus-PEDOT
ﬁlms containing a control phage that did not bind HSA (green), and HSA exposure to pure PEDOT ﬁlms containing no phage (black).

■

SUMMARY
We describe a simple, monolithic, two-electrode electrochemical biosensor for the label-free detection of HSA in
PBS buﬀer and synthetic urine. This biosensor relies upon
virus-PEDOT bioaﬃnity layers that are electrodeposited on
both electrodes. An EIS measurement of the shift in Zre at an
optimum frequency of ≈300 Hz is then used to transduce the
binding of HSA. HSA concentrations in a physiologically
relevant range of 100 nM to 5 μM were detected using this
biosensor. The resulting calibration curves are well-described by
the Hill equation for receptor−ligand binding. These single-use
biosensors exhibit a sensor-to-sensor reproducibility characterized by a coeﬃcient-of-variation of 2−8% across the entire
concentration range. It is also demonstrated that phagePEDOT biosensors are capable of HSA quantitation in
synthetic urine. This simple biosensor architecture is readily
manufacturable, is compatible with small sample volumes (≈ 50
μL), and aﬀords rapid analysis times (<15 min). All of these
attributes provide motivation for the further development of
this and related biosensing technologies.
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