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Abstract

Plasmonic-based electrochemical impedance spectroscopy (P-EIS) is developed to investigate
molecular binding on surfaces. Its basic principle relies on the sensitive dependence of surface
plasmon resonance (SPR) signal on surface charge density, which is modulated by applying an AC
potential to a SPR chip surface. The AC component of the SPR response gives the electrochemical
impedance, and the DC component provides the conventional SPR detection. The plasmonic-
based impedance measured over a range of frequency is in quantitative agreement with the
conventional electrochemical impedance. Compared to the conventional SPR detection, P-EIS is
sensitive to molecular binding taking place on the chip surface, and less sensitive to bulk refractive
index changes or non-specific binding. Moreover, this new approach allows for simultaneous SPR
and surface impedance analysis of molecular binding processes.
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Introduction

Electrochemical impedance spectroscopy (EIS) is a powerful electrochemical technique for
studying various surface processes and properties.k: 2 It measures electrical current response
to a potential applied to an electrode, which is extremely sensitive to molecular adsorption
taking place on the electrode surface. EIS has also been widely used as a label-free detection
method to study various molecular binding processes, such as antigen-antibody3-7, protein-
DNA interaction®11, and DNA hybridization'2-16, and to monitor various cellular processes.
Surface plasmon resonance (SPR) is another label-free detection technique for real-time
study of molecular interactions.1”-25 Unlike EIS, SPR is an optical method that detects and
images changes in refractive index near a metal surface (sensor chip).26-29 However, SPR
signal is prone to interference due to changes in bulk refractive index, and SPR signal
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decreases with the mass of molecules, making small molecule detection challenging.
Besides electrochemical and optical based techniques, piezoelectric sensor (e.g. Quartz
Crystal Microbalance)30-32 js another main category of label free method for molecular
binding detection. Immunoassay is based on the highly specific molecular recognition
between antigen and antibody.33:34 Immunoglobulin G (IgG) antibody is one of the most
common and important proteins in the immune system and clinical application, which is also
widely used in the immunoassay. One IgG molecule with a molecular weight of ~150 kDa
has two identical antigen binding sites, to form antigen/antibody complexes. 3°

Recently we have shown that it is possible to perform electrochemical measurements, such
as cyclic voltammetry, based on a plasmonic detection. In other words, an electrochemical
current can be determined and imaged optically, which is in contrast to the conventional
electrochemistry that relies on electrical measurement.36-40 We have also shown that
electrochemical impedance can be obtained based on the plasmonic detection.3¢ Here we
show that it is possible to obtain impedance spectrum by measuring impedance vs.
frequency over a wide frequency range (from to 0.01 Hz to 10 kHz) with the plasmonic-
based electrochemical impedance spectroscopy (P-EIS). We validate P-EIS by comparing it
with the simultaneously recorded electrically measured EIS, and with theoretical modeling.

Furthermore, as the new technique combined the features of both SPR and EIM, P-EIS has
more potential in the area of molecular binding studies, which is demonstrated by studying
human 1gG and anti-human IgG interaction as a model system. The kinetics and affinity
results from P-EIS are compared with the simultaneously recorded SPR.

Experimental Section

Materials

6-mercaptohexanoic acid, 3-mercapto-1-propanol, NaCl, KCI, Na,HPO,4, KH,PO,4, NaF,
sodium acetate, glucose, N-hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), ethanolamine, IgG from human serum (1gG), anti-
human IgG (Fab specific) antibody (anti-1gG), albumin from bovine serum (BSA) were
purchased from Sigma-Aldrich (St. Louis, MO). 1x phosphate buffered saline (1x PBS, 10
mM NapyHPO4-KH2PO4 137 mM NaCl, 2.7 mM KClI, pH 7.4), 10 mM sodium acetate (pH
5.0) were prepared as stock solution.

Plasmonic-based Impedance Measurements

B1-2000 SPR instrument with an EC-dual-flow analysis module (Biosensing Instrument
Inc.) was used in the experiments. The SPR sensor chip was a BK7 glass cover slide coated
with 2 nm chromium followed by 47 nm gold by thermal evaporator at high vacuum (3 x
107 Torr). The Au sensor chip was used as working electrode (WE) and a glassy carbon
electrode or Pt wire served as counter electrode (CE). Its potential was controlled with
respect to Ag/AgClI reference electrode (RE) by a potentiostat (EG&G Model 283
Potentiostat/Galvanostat, Princeton Applied Research). Potential modulations with different
frequencies and amplitudes were applied to the chip using an external function generator
(Model DS345, Stanford Research Systems). The SPR responses to the modulations were
measured by a lock-in amplifier (Model SR830 DSP, Stanford Research Systems). The
amplitude and phase outputs from the lock-in amplifier, as well as the corresponding
potential, current, SPR signals were collected with the sampling rate of 10,000 points per
second by Data Acquisition (NI USB-6251, National Instruments) using a program written
in MATLAB.
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Chip preparation

The Au sensor chip was rinsed with water and ethanol, and then annealed with hydrogen
flame to further clean the surface before each SPR and plasmonic-based impedance
measurement. The chip was modified by immersing it in 1 mM 1:1 6-mercaptohexanoic acid
and 3-mercapto-1-propanol mixture solution in ethanol for 24 h. IgG was subsequently
immobilized on the sensor chip using the standard amine-coupling chemistry using the flow-
through system of BI-2000 instrument with 1x PBS as running buffer at a flow rate of 10
uL/min. The chip surface was first activated with a mixture of 0.4 M EDC and 0.1 M NHS
for 8 min, and then exposed to 0.1 mg/mL 1gG (in 10 mM sodium acetate buffer, pH 5.0) for
8 min. Finally, the residual activated groups on the chip surface were blocked with 1 M
ethanolamine (pH 8.5) for 8 min. The surface modification processes were monitored and
characterized by SPR in real time. After IgG immabilization, 1x PBS running buffer
continued to flow over the surface at a flow rate of 60 uL/min to stabilize the system. For
each sample injection cycle, the surface was exposed to the sample for 75 s, then to the
running buffer for 400 s.

Results and discussion

Basic principle and setup

In a conventional EIS measurement, a potential modulation (amplitude AV and frequency o)
is applied to an electrode surface, and the current response (Al) is detected electrically, from
which surface impedance, Z, at frequency o is determined by Z(w)=AV/ALl. In contrast, P-
EIS is based on the sensitive dependence of SPR on surface charge density, which does not
require electrical current measurement.26:3% Responding to the potential modulation (AV),
the surface charge density (Ac) oscillates, which induces a modulation in the SPR angle, A6,
that is detected optically. We have shown that A6 is proportional to Ac given by Ac = aA#,
where a is a coefficient that can be calibrated experimentally or calculated theoretically.36
Since current density (AJ) is related to charge density by AJ=joAoc, we have A(w)=joaAd/
AV, where A is admittance per unit area, or admittance density, and j=/(—1). Note that
admittance is the inverse of impedance. This relation allows us to determine local
impedance based on the AC component of the SPR angle (A0). We note that the DC
component of the SPR angle can be determined simultaneously, which provides
conventional SPR detection.

The basic principle summarized above can be realized with different experimental setups.
The present work uses the setup illustrated in Fig. 1(a). It is based on the widely used
Krectchmann configuration, in which a light beam of wavelength 635 nm is directed onto
the SPR chip surface through a prism, and the SPR angle is measured from the reflected
beam. To obtain electrical impedance, a sinusoidal potential from a function generator is
applied via the potentiostat to the Au sensor chip (WE), the AC components of the SPR
response is detected with lock-in technique and the DC component is obtained by directly
averaging the SPR signal (Fig. 1(b)).

Comparison of P-EIS with conventional EIS and impedance model

P-EIS works in imaging mode, providing local information with high spatial resolution.
However, in the present work, we operated P-EIS in non-imaging mode in order to compare
P-EIS data with electrically measured EIS. We recorded the current response to a potential
modulation applied to the sensor surface electrically, and the corresponding SPR response of
the same surface optically. The amplitudes and phases of the AC components of the current
and SPR response were determined by either fast Fourier transform (FFT) or lock-in
amplifier at different frequencies, ranging from to 0.01 Hz to 10 kHz, and the results are
shown in Fig. 2. From the measured amplitudes and phases, we can obtain the conventional
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EIS and P-EIS. However, we first analyze the amplitudes and phases because they are
directly measured quantities and can be easily converted into impedance or admittance.

As shown in Figs. 2(a) and 2(b) (filled squares), the amplitude of current increases with
frequency monotonically, while the phase of the current increases from nearly zero at low
frequencies to a maximum of 90 degrees around 2 kHz before dropping to nearly zero again
at higher frequencies. These results can be explained in terms of the widely used Randles
equivalent circuit model shown in Fig.1(c)). According to the model, the current amplitude
is given by

L] AV |
amp= 1 1
R+(Ry'+jwCa) @

where R represents the solution resistance, and Ry and Cg are the double layer resistance
and capacitance, respectively. Eq. 1 predicts that the amplitude increases with frequency.
The same model predicts that the phase given by

AV

@

I[;Imx.&':Arg ]
R+(R;'+ jwCa)

increases with frequency from zero to 90 degrees and then drops to zero at high frequencies.
Quantitative fittings of the current amplitude and phase shift are red solid lines shown in
Figs. 2(a) and 2(b) with R, Cqj and Ry, as fitting parameters shown in Table 1.

The amplitude and phase of the AC SPR response are shown in Figs. 2(c) and 2(d),
respectively. Although they are related to the amplitude and phase measured electrically, the
following consideration must be taken into account when comparing the quantities measured
optically and electrically. The SPR angle response is related to surface charge, which is the
charge stored in the capacitor in the Randles model. Consequently, the relation AJ=joAc
shown earlier represents AC current through the capacitor (I in Fig. 1(c)), which is the
polarization or double layer charging current. The current through the resistor, Ry,
corresponding to faradic current, is not directly included in the above relation. This
important point is further confirmed in Fig. S3 (supporting information), which shows
current and AC SPR amplitude in 0.5 M NaF solution saturated with O, and saturated Ny,
respectively. Due to the reduction of dissolved O,, the direct electrical current at lower
frequencies is substantially higher in the presence of saturated O, than that in No. In
contrast, the amplitudes of AC SPR component with and without O, are similar, indicating
that the AC response of the SPR signal is insensitive to O, reduction current (faradic
current). Based on this consideration, one may conclude that the SPR impedance probes
only the capacitive component of the total interfacial impedance.

However, the above conclusion applies only to cases where the following two conditions are
met: solution resistance is small, and the refractive indices of oxidized and reduced species
associated with faradic current are the same. If the solution resistance is not negligible, then
Rs in the Randles model will affect potential drop across the capacitor, and thus affecting the
AC SPR response. Since the potential drop is determined not only by the capacitor, Cyj, but
also by Rp, the SPR impedance contains both interfacial capacitive and resistive components
in general3®. If the oxidized and reduced species have different refractive indices (the usual
case), then the SPR response contains also the faradic component associated with the
refractive index change. In the cases of O, reduction studied in the present paper, both the
solution resistance and the influence of refractive index difference between the oxidized and
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reduced species are small, such that the AC response of the SPR signal mainly reflects the
capacitive component of the impedance.

If we assume that the solution resistance and the faradic current dominated by the dissolved
O, are both small, then the AC response of the SPR signal is given by A6 = Al /(joa), where
Jc is the capacitive (double layer charging) current. J. can be calculated from the Randles
model using the Rs, Cgj and Ry, obtained by fitting the current amplitude and phase data with
the Randles model. Figs. 2(c) and (d) show the measured (black square) and calculated (red
solid line) amplitude and phase of the AC SPR response with frequency varying from 0.01
Hz to 10 kHz. It is clear that the calculated results are in good agreement with the
experimental data, which validates the relationship between the SPR and current responses
to the potential modulation.

We has discussed earlier that interfacial admittance density can be determined from the AC
response of the SPR signal by Ap(w)=joaABd/AV, which can be compared with the
admittance density directly obtained from the electrical current based on A¢(®) = AJ/AV,
where the current density, AJ, is determined from the total measured current divided by the
electrode area. Fig. 3 shows the Bode plots of plasmonic-based admittance density (Ap) and
electrical-based admittance density (Ag). Both the amplitudes and phase shifts of the
admittance density measured by the present method and the conventional approach are in
good agreement. The Bode plots can be fit with the Randles equivalent circuit model, and
the fitting parameters are shown in Table 1. The fitting parameters, Cq; and R, of the
plasmonic and electrical measurements are in excellent agreement. However, Rj, values from
the two methods show substantial difference, which is due to the faradic contribution that is
not taken into account in the plasmonic-based impedance.

Simultaneous P-EIS and SPR detections of molecular binding processes

After elucidating the mechanism of the P-EIS, we now turn to the application of P-EIS to
study molecular binding processes. As shown previously, it is the admittance density, rather
than impedance, that is directly related to the experimentally measurable quantity, AG/AV.
For this reason, we express results below in terms of admittance density, instead of
impedance. We note also that both P-EIS and SPR can be recorded simultaneously from the
AC and DC components of the SPR response, respectively, with our setup. This capability
allows us to compare the two sensing principles, impedance and SPR, in the same platform,
and to benefit from the advantages of both techniques.

SPR is sensitive to surface binding but also to changes in the bulk index refraction of
solution, which must be carefully corrected when analyzing SPR data. In contrast,
impedance detection is sensitive to surface binding but not to changes in the bulk refractive
index. To demonstrate this point, four different solutions (NaCl, glucose, BSA and anti-l1gG)
were injected and flow over an 1IgG modified Au sensor chip, during which both the SPR
response (DC SPR component) and admittance density response (AC SPR component) were
recorded simultaneously. All the chemicals were dissolved in 1xPBS to avoid any matrix
mismatch. Among them, only anti-1gG was supposed to show specific interaction with the
IgG on the sensor surface, while NaCl and glucose would contribute to the SPR signal due
to the refractive index change in the bulk solution, and BSA could have additional non-
specific binding#1-43. As shown in Fig. 4(a), the SPR responses to the injections of NaCl and
glucose into the solution cell increase rapidly, and then reach steady levels, followed by
rapid decreases back to the original levels as NaCl and glucose are replaced with the running
buffer. In the case of BSA, the SPR signal also increases and then returns to the level before
the sample injection, but the increase and decrease occur at much slower rates than the cases
of NaCl and glucose. We attribute the SPR response to BSA to non-specific and reversible
adsorption. Finally, the injection of anti-1gG results in a relative slow increase in the SPR
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response and then followed by an even slower decrease after switching anti-IgG containing
solution to the PBS running buffer. This SPR response follows the expected association and
dissociation kinetics, and we will return to this later.

Fig. 4(b) shows the corresponding admittance density responses. Unlike SPR, the injection
of NaCl and glucose caused relatively small changes in the measured admittance, which
confirms that admittance is not sensitive to changes in the bulk refractive index. Carefully
examining the admittance responses to NaCl and glucose revealed that former resulted in a
small increase while the latter resulted in a small decrease in admittance. The small changes
in the admittance upon injection of NaCl and glucose may be attributed to changes in the
solution conductivity. For BSA, the admittance exhibits also a small response due to the
non-specific binding of BSA on IgG surface, but the response is much smaller than that in
the corresponding SPR response. The above results indicate that P-EIS is less prone to
interferences due to bulk refractive index and non-specific binding taking place on the
sensor surface than SPR.

The injection of anti-1gG led to a large admittance response corresponding to the association
of anti-IgG with IgG, followed by a slower dissociation process. The decrease in the
admittance is expected because the binding of anti-1gG to IgG on the sensor surface lowers
the interfacial capacitance. Note that A ~ joCgy for a double layer dominated interface.
Admittance density vs. frequency scan was measured before and after anti-IgG binding (Fig.
S4, supporting information). Fitting the admittance density spectra with the Randles model
with fitting parameters shown in Table S1 (supporting information) further confirms that
specific binding of anti-1gG to 1gG results in a decrease in the interfacial capacitance.

We have studied anti-1gG/IgG interactions by injections of different concentrations of anti-
IgG successively into the SPR flow cell, and recorded both the SPR response (DC
component) and admittance density (AC component) simultaneously. Fig. 5(a) is the SPR
sensorgrams showing the characteristic association and dissociation kinetics, while Fig. 5(b)
is the admittance density recorded simultaneously showing the responses associated with the
same processes (Fig. 5(b)). We found that fitting the entire DC SPR profiles at various
concentrations with the simple first order kinetics globally was difficult (Fig. 5(c)). This is
because that the DC SPR contains the contributions from bulk refractive index changes and
nonspecific binding, which must be minimized and corrected via proper reference
subtraction to achieve meaningful fitting.## In contrast, the impedance, the inverse of
admittance density shown in Fig. 5(d), is less sensitive to bulk refractive index and
nonspecific binding effects, and global fitting of the impedance profiles at different
concentrations produce much more satisfactory results. For comparison and self-consistency
check, we also fit portions of the SPR profiles with kinetic constants and binding affinity
listed in Table 2. The kinetic study further illustrates the unique strengths of the impedance
approach.

Conclusion

We have demonstrated that electrochemical impedance spectroscopy can be performed
based on plasmonic detection over a wide frequency range. To validate the technique, we
have compared the plasmonic-based impedance spectroscopy with the simultaneously
measured conventional electrochemical impedance spectroscopy and surface plasmon
resonance (SPR) detection. The comparison shows that the plasmonic and electrical
measurements of impedance are equivalent when double layer charging dominates the
impedance, but require additional considerations if there are substantial faradic current and
solution resistance. The impedance results measured by both plasmonic and electrical
approaches are well explained in term of Randles’ circuit model, with fitting parameters
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consistent with each other, which further validates the new plasmonic impedance
measurement. As an example to demonstrate applications of the plasmonic-based impedance
spectroscopy, molecular binding processes have been studied by simultaneously recording
the plasmonic-based impedance and conventional SPR responses. Both impedance and SPR
can detect and follow the kinetics of protein association and dissociation processes, but the
plasmonic-impedance response is less sensitive to changes in bulk refractive index and non-
specific adsorption, thus providing a complementary label-free detection technology to the
conventional SPR detection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Schematic illustration of the setup. AC modulation from a function generator was
applied to the Au sensor chip (WE) via a potentiostat. The DC component of the SPR

response was obtained by directly averaging

the SPR signal, and the AC component was

converted to amplitude signal and phase shift signal by lock-in amplifier. (b) Illustration of
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phase shift (relative to the applied potential)

of AC component. (c) Randles equivalent

circuit used to model both the conventional and plasmonic-based impedance spectra.
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Figure 2.
Amplitudes and phase shifts of electrical current (a and b) and AC response of SPR signal (c

and d) at different frequencies in 0.5 M NaF. The red lines are fitting curves based on the
Randles equivalent circuit model to the experimental data (black square), showing that the
simple model explains well both the electrical and plasmonic-based impedance spectra.
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Bode plot of plasmonic-based admittance density (Ap, amplitude (black circle), phase (red
square)) and electrical-based admittance density (Ao, amplitude (blue +), phase (green x))
from 4 kHz to 2 Hz in 0.5 M NaF.
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Figure 4.

SPR (a) admittance density responses (b) to the injections of 20 mM NaCl (black solid line),
6 mM glucose (red dot line), 30 uM BSA (green dash line) and 133 nM anti-1gG (blue dash
dot line) on 1gG surface with the flow rate of 60 pL/min. All of sample molecules were
dissolved in 1x PBS (same as the running buffer). 100 Hz, 200 mVpp potential modulation
with 120 mV bias was applied.
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Figure 5.

SPR (a) and admittance density (b) responses to successive injections of anti-1gG from
lower to higher concentration on IgG surface. Arrows indicate injections of anti-IgG with
different concentrations. The running buffer is 1x PBS with a flow rate of 60 uL/min. 100
Hz, 200 mVpp potential modulation with 120 mV bias was applied. (c) overlays the SPR
binding profiles at different concentrations, and (d) is the corresponding plasmonic-based
impedance (inverse of admittance density) profiles. The red lines are first order kinetics
fitting curves.
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Fitting parameters to the Randles equivalent circuit model (Cy is interfacial capacitance, Ry is interfacial

Table 1

resistance, and Ry is solution phase resistance).

Plasmonic-based Impedance | Conventional
Impedance
Cq / pF 9.68+0.10 9.56 +0.13
Rp/kQ 49.6 +5.6 29.0+15
R/ Q 32.8+39.9 31.1+48.1
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Table 2

Association rate constant (kg), dissociation rate constant (kq) and binding affinity (Kp = kg/ky) for SPR (DC
component) and impedance (AC component) for 1gG-anti-lgG binding.

ka(M7's™)  kq(s) Ko (M)

SPR 468x104 3.90x1073 83.3
P-EIS 369x10* 228x1073 61.8
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