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ANALYTE DETECTION USING ELECTROCHEMICAL IMPEDANCE
SPECTROSCOPY-BASED IMAGINARY IMPEDANCE MEASUREMENT

FIELD OF THE INVENTION

[0001] This disclosure relates in general to single and multi-analyte (e.g., protein or
lipid biomarker) detection through electrical impedance spectroscopy (EIS)-based
imaginary impedance and in some embodiments to multi-analyte detection systems and

methods involving imaginary impedance methods utilizing signal decoupling algorithms.

BACKGROUND
[0002] The development of multi-marker assays in place of single-marker assays is
continuously rising as many studies have revealed the benefit of monitoring multiple
analytes (e.g., biomarkers) in disease diagnosis, prognosis, and management. For
example, in the case of diabetes mellitus, measuring insulin, glucose, and glucagon
provides a more comprehensive understanding of a patient’s state of health than
glucose alone, which then provides more accurate information for insulin administration.
[0003] Currently, one of the most common mechanisms for multi-marker detection
employs multi-sensor arrays, but detecting multiple anyalytes using a single

electrochemical sensor has not yet been demonstrated.

SUMMARY
[0004] Embodiments herein relate to a label-free, single-sensor detection of one or
more analytes using electrochemical impedance spectroscopy (EIS), imaginary
impedance, and signal decoupling programing and methods. This is believed to be the
first report of using imaginary impedance for analyte detection and multi-marker
detection.
[0005] Thus, methods are disclosed for detecting one or more analytes in a sample
utilizing Electrochemical Impedance Spectroscopy (EIS)-based imaginary impedance
measurement that include comparing an imaginary impedance measurement to a

calibration curve of concentrations for each target analyte. In some embodiments, the
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calibration curve of concentrations for each target analyte is established at an optimal
frequency.

[0006] In other embodiments, a signal decoupling algorithm is utilized for detection of
more than one analyte on an electrode.

[0007] These and other aspects are further disclosed in the accompanying written

description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Figure 1: Schematic of one embodiment of a sensor in terms of fabrication
and setup.
[0009] Figure 2. Schematic representation of an embodiment of a multi-marker
detection sensor, as well as two biomarker impedance signals and the predicted signal
when co-immobilized on the same sensor. Each biomarker’s optimal frequency is
determined by sensitivity and RSQ using A) complex impedance and B) imaginary
impedance. The black circle represents the optimal frequency of biomarker 1 and white
circle the optimal frequency of biomarker 2 in each approach. Notice that in Figure 2A,
due to signal overlapping, the optimal frequencies of both markers are not
distinguishable when co-immobilized.
[0010] Figure 3: Nyquist plots for bare gold disk electrode (left); 16-MHDA (solid
line), blank (thick dashed line) and 10 mg/dL HDL (light dashed line) (center); and 16-
MHDA (solid line), blank (thick dashed line) and 10 mg/dL HDL (light dashed line)
(right).
[0011] Figure 4: Electrochemical characterization of LDL (black) and HDL (grey) in
purified solution. The imaginary impedance slope is overlaid with RSQ (dashed line)
across the frequency sweep for: (a) purified LDL and (b) purified HDL. The complex
impedance slope is overlaid with RSQ across the frequency sweep for: (c) purified LDL
and (d) purified HDL. Using the imaginary impedance approach, (e) shows the overlay
of the LDL (black) and the HDL (grey) calibration curves at each marker’s optimal
frequency over the concentration range tested (0-50 mg/dL for both). The inset is a

zoomed-in view of the HDL slope from 0 to 0.1 mg/dL.
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[0012] Figure 5. Co-immobilization of HDL and LDL. (a) raw data plotting the slope
(solid line) and RSQ (dashed line) across frequency sweep, with a unique peak at 31.5
Hz; (b) The decoupled signal using the described algorithm. The two peaks occur at
3.74 Hz and 175.8 Hz, with each representing the optimal frequency of HDL and LDL,
respectively. The RSQ also peaks at these frequency locations; (c) The comparison of
the predicted HDL values using the calibration curve, versus the actual input values. (d)
The comparison of the predicted LDL values using the calibration curve, versus the
actual values.

[0013] Figure 6. Electrochemical equivalent circuits for purified LDL (A), HDL (B),
and co-immobilized LDL and HDL (C). (R,) = solution resistance; (R.) = a combined
resistance of charge transfer resistance (R.;) and Warburg impedance (W); (Q) =

constant phase element (CPE).

DETAILED DESCRIPTION
[0014] Embodiments herein relate to apparatus, systems, and methods for detection
of one or more analyte using electrochemical impedance spectroscopy (EIS), imaginary
impedance, and signal decoupling techniques
[0015] EIS has the potential for multi-marker detection. EIS offers various
advantages for biosensing, including improved sensitivity, label-free detection and
speed (< 90 seconds)). It measures the resistance and capacitance of an
electrochemical system with variable AC signal. The AC signal consists of a varying
potential and a wide range AC frequency sweep. When varying AC signals are applied
to the sample of interest, a current response is generated. The current response is
measured over the range of frequencies encompassed by the sweep and is then used
to calculate the real, imaginary, phase angle, and complex impedance. Mathematically,

the complex impedance is defined by the equation below:

Z(jw) = % = Z,() +jZi@) (D)
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[0016] Where, Z(jw) is the complex impedance, w the angular frequency (which is
equivalent to 2t f where f is the input frequency), U(jw) the applied potential, I (jw) the
current response, Z,.(w) the real impedance, and jZ;(w) the imaginary impedance.
[0017] After investigating the correlation between the complex impedance and target
concentration, the concept of optimal frequency was developed. The optimal frequency
of an analyte is the AC frequency at which the resulting impedance best represents the
interaction between the biomarker and its MREs (Molecular Recognition Elements). The
optimal frequency is determined by optimizing the responsivity and R-square values
(RSQ). It offers an orthogonal means for target detection in addition to the specific
interaction between target and their MREs. By determining the optimal frequencies of
the biomarkers of interest, each biomarker may be detected at its optimal frequency
simultaneously on a single sensor platform, giving rise to the possibility of a multi-
marker detection platform technology.

[0018] However, using complex impedance to determine the optimal frequency and
measure the target concentration of multiple biomarkers simultaneously has a major
limitation: signal overlap. To address this issue, novel approaches to determine a
biomarker’s optimal frequency by using imaginary impedance have been developed.
For example, one can correlate imaginary impedance to target concentrations and to
determine optimal frequencies. Since imaginary impedance correlates to capacitance, a
link may be made to optimal frequency in terms of effective capacitance and constant
phase element.

[0019] Also developed are novel algorithms that decouple the convoluted signal
when two or more biomarkers are co-immobilized onto a single sensor. As a
verification, and in one example, an investigation of the feasibility of the approach to
simultaneously detect LDL and HDL is demonstrated. These two lipoproteins are key
biomarkers for coronary vascular disease (CVD), which is the leading cause of death in
the United States with over 800,000 deaths per year. The National Cholesterol
Education Program recommends the use of LDL and HDL as risk indicators for the
development of CVD. Furthermore, the LDL/HDL ratio is an excellent predictor of
coronary heart disease risk and an outstanding monitor for the effectiveness of lipid

lowering therapies. Thus, a multi-marker sensor that can detect LDL and HDL
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simultaneously would greatly benefit the efficiency of diagnosing CVD and serve as a

template to other multi-marker electrochemical sensors employing antibodies as MREs.

Non-Limiting Examples

[0020] The sensors used in this embodiment include gold disc electrodes (GDEs),
silver/silver chloride reference electrodes, and platinum counter electrodes (CH
Instrument, USA). The gold surface thickness of a GDE is approximately 2.5 mm. All
EIS measurements were performed at room temperature using a CHIG60C
Electrochemical Analyzer from CH Instrument, USA. GDEs were polished with 100
figure-eight motions on Buehler felt pads using 3.0, 1.0, and 0.05 pm grit alumina oxide
in distilled water (D) followed by sonication in DI for 15 min. After sonication, the formal
potential was obtained by performing cyclic voltammetry from -1.0Vto 1.0V ina
solution of 100 mM potassium ferricyanide prepared in pH 7.4 phosphate buffer saline
(PBS). EIS was then performed using the formal potential and a 5 mV AC sine wave
sweeping from 1 Hz to 100 kHz to measure the bare impedance of GDEs, which helps
determine GDESs’ surface topography.

[0021] After rinsing the GDEs with DI, 1 mM of 16-mercaptohexadecanoic acid (16-
MHDA) in ethanol was incubated onto the GDEs for 1 hr to form a self-assembly
monolayer (SAM). Post-MHDA impedance was measured at the formal potential of
each GDE for quality control. The carboxylate groups on the tail end of 16-MHDA were
then activated by incubating the sensor with 40 mM 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and 20 mM sulfo-derivative of N-hydroxysuccinimide (NHS) for 1
hr. After washing the sensor with DI, 5 mg/dL of the antibodies prepared in pH 7.4 PBS
(LDL, HDL, or LDL and HDL combined) were then immobilized onto the sensor at room
temperature for 1 hr. For LDL and HDL co-immobilization, the antibodies were pre-
mixed at a 1:1 ratio and the final concentration of each antibody was 5 mg/dL. The
sensors were then washed with PBS following the immobilization and the remaining
reactive sites were blocked with 1% ethanolamine for 30 min. After rinsing the sensors
with PBS, they were stored at 4°C until further use.

[0022] The reagents and solvents, 16-MHDA, EDC, NHS, and potassium

ferricyanide were all obtained from Sigma-Aldrich, USA. PBS was purchased from
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VWR International, USA. LDL and HDL specific antibodies (not to cholesterol) were
purchased from Academy Biomedical Company, USA.

[0023] All sensors were brought to room temperature prior to testing. A Serial dilution
made in PBS was used to prepare purified LDL and HDL samples. All samples were
then well mixed with 100 mM potassium ferricyanide at a 1:1 ratio to form a total volume
of 100 yL of each sample at 50, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, and O mg/dL. For LDL and
HDL co-immobilization testing, the two markers were well mixed at a 1:1 ratio in a
similar manner and the mixture has the concentration of 0-10 mg/dL for each biomarker.
EIS was performed to measure each sample’s impedance at each sensor’s formal
potential from 1 Hz to 100 kHz at 12 points per decade. The impedance at each
frequency was correlated to the applied biomarker concentrations and the results were
used to calculate sensitivity (slope) and specificity (RSQ). The slope and RSQ values
were then plotted against the frequency to determine the frequencies at which the
biomarker can be best detected (the optimal frequency).

[0024] EIS typically outputs 4 parameters: the real impedance (Z,.), imaginary
impedance (Z;), phase angle (@), and complex impedance (Z). Their relationships are

shown below:

Zy = |Z|cos(®) (2)
Z; = |Z|sin(®)  (3)

Where real impedance correlates to resistance and imaginary impedance capacitance
and/or inductance. Nyquist plots are then plotted with real impedance (Z,.) on the x-axis
and the negative of imaginary impedance ( —Z;) on the y-axis, producing a semi-circle
curve shape. As targets enter the sensing area where MREs are immobilized, binding
will occur and form the MRE-target complex. These complexes will obstruct the flow of
electrons, causing a change in impedance that is concentration dependent.

[0025] Complex impedance encompasses everything in the system, such as the
Warburg (diffusion) resistance, charge transfer resistance, solution resistance, and
double layer capacitance. By correlating the complex impedance at each frequency to
the target concentrations, a slope and RSQ can be obtained at each frequency. The
slope and RSQ values were then plotted against the frequency from 1 Hz to 100 kHz.

The frequency with best slope and RSQ trade off was deemed the optimal frequency of
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the biomarker. Calibration curves can then be generated by correlating the complex
impedance to target concentrations at the optimal frequency.

[0026] Complex impedance across the frequency spectrum is typically highest at low
frequencies (< 1k Hz) and lowest at high frequencies (Figure 2A). While this is not an
issue for single biomarker detection, the abundance of signal from one biomarker’'s
optimal frequency can overlap with the signal from another biomarker’s optimal
frequency, posing a great challenge for multi-marker detection.

[0027] On the other hand, as illustrated in figure 2B, imaginary impedance offers an
additional parameter for the determination of optimal frequency: peak location. In
contrast to complex impedance, imaginary impedance peaks at a specific frequency,
forming a parabolic shape when plotted across frequencies. By correlating the
imaginary impedance to target concentration, slope and RSQ values can be obtained.
When plotting the slope values over a range of frequencies, a parabolic pattern is
obtained with a distinct peak often matching a high RSQ value. Optimal frequency can
then be determined by locating the frequency at which the peak slope occurs.
Calibration curves can then be calculated by correlating the imaginary impedance to
target concentrations at the optimal frequency.

[0028] Briefly, using XL-fit, a Microsoft Excel add-on for parabolic fitting, the signals
of purified LDL and HDL were first modeled and used to predict the co-immobilized
signal. The raw co-immobilization data was then used to match against the predicted
signal for signal decoupling.

[0029] All electrochemical circuit modeling was done via ZSimpWin (Echem
Software, USA). EIS data was fit against potential electrochemical equivalent circuit
models and evaluated using a Chi-square analysis and mean percent standard
deviation (mean % stdev). The procedure was repeated to obtain the best fitting
electrochemical equivalent circuit for purified LDL, purified HDL, and co-immobilized
LDL and HDL.

[0030] For quality control, AC impedance measurement was performed 3 times
throughout the sensor preparation process: after polishing the bare electrodes, after
MHDA, and after blocking. As shown in figure 3a, a clean electrode showed only a

Warburg tail, suggesting that the system is dominated by diffusion. Damaged or warped
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Gold Disk Electrodes (GDE’s) will have much higher impedance after polishing. As
shown in figure 3b and 3c, the impedance will increase drastically after successful
MHDA binding and decrease after successful immobilization of MREs. When targets
were introduced to the sensors, the impedance increased significantly from the blank,
suggesting successful binding. The specificity of binding and surface coverage were
evaluated. Of note is that the bare electrode impedance values are a hundred times
smaller than the impedance values when binding occurs, suggesting that the cables
have negligible effects on the measurements.

[0031] The EIS responses of LDL and HDL in imaginary impedance (Figure 4a and
4b) exhibit distinct peaks at various frequencies, resembling a bandpass filter-like
shape. In contrast, the complex impedance (Figure 4c and 4d) does not exhibit the
distinct peaks and resembles a shape like a low-pass filter. The optimal frequency was
calculated by choosing the frequency with highest slope and satisfactory RSQ (>0.85).
Using the imaginary impedance approach, the optimal frequencies of LDL and HDL
were found to be at 81.38 Hz and 5.49 Hz, respectively (Figure 4a and 4b). Using the
complex impedance approach, the optimal frequency of HDL could be found at 1.18 Hz.
However, the optimal frequency for LDL could range from 1.18 Hz to 37.56 Hz as the
tradeoffs between slope and RSQ are difficult to evaluate.

[0032] Using the imaginary impedance approach, the calibration curve at each
biomarker’'s optimal frequency was attained by graphing the concentration versus output
imaginary impedance and fitted to a regression line. The calibration curve for LDL at an
optimal frequency of 81.48 Hz is described as y = -106.7 In(x) — 2881.5 (Figure 4e,
black curve) with an RSQ of 0.92. The calibration curve for HDL at an optimal frequency
of 5.49 Hz is described as y = -238.16x — 783.11 with an RSQ of 0.97 (Figure 4e, grey
curve). The dynamic ranges for LDL and HDL sensors are 35.78 mg/dL — 211.22 mg/dL
and 42.43 mg/dL — 172.65 mg/dL, respectively, with both encompassing the clinically
relevant range of 100 - 190 mg/dL and 40-60 mg/dL, respectively. Of note is that LDL
was found to have a logarithmic fit while HDL a linear fit. The association and
disassociation rate constants for LDL are 342 nM-".min-' and 27 min-!, respectively, and

HDL 90 nM-".min"! and 3 min™', respectively.
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[0033] The co-immobilized impedance signal of LDL and HDL shows a similar
bandpass filter shaped peak at 31.5 Hz with a strong correlation. Knowing that the
peaks in purified LDL and HDL are 81.38 Hz and 5.49 Hz, respectively (Figure 4a and
4b), the summation of the two signals when co-immobilized can theoretically yield a
single peak that is within the two frequencies. Note that the RSQ value of 1 with little to
no slope at frequencies above 10 kHz shows the lack of signal above 10 kHz. Once the
signal was decoupled using the algorithm described above, two peaks became
apparent (Figure 5b). The decoupled HDL peak shifted slightly from 5.74 Hz to 3.74 Hz
with a slope of 199.4 ohm/(mg/dL), and correlation of 0.99. The decoupled LDL peak
shifted from 81.38 Hz in purified to 175.8 Hz with a slope of 57.15 ohm/(mg/dL) and a
correlation of 0.88. The slopes were then used to generate new calibration curves that
can back-calculate the LDL and HDL concentrations. The results were then plotted
against the reference concentrations (Figures 5c, 5d) for verification. The lower limit of
detection for the multi-marker sensor is 1 mg/dL but upper limit of detection still requires
further optimization. Note that Figure 5c and 5d’s scale bars have been adjusted to
show only the linear range of the decoupled signal.

[0034] The electrochemical equivalent circuits for LDL and HDL were both found to
be the R(QR) circuit, which can be considered a modified Randle’s circuit (Rg(Q[R.:W 1)
(Figure 6). This modeling is consistent with the theory that electrical properties of
proteins can be considered as a resistance-capacitance parallel circuit. The CPE
represents an imperfect double layer capacitor consisting of the electrode, the SAM,

MREs, and bound target molecules. The impedance of CPE (Z.pz) is described as:

1 Zepgp = Wi)n ©))
Where, j = (—1)z, w = 2rf with f being the frequency of the applied AC potential, and
n representing a fractional value between 0 to 1, with O describing a pure resistor and 1
an ideal double layer capacitor. The values of individual components in LDL’s
equivalent circuit are: Rs=239 ohms, Q=1.66E-7 Ssec"/cm?, n=0.87, R.=21701 ohms.
The values for HDL's equivalent circuits are: Rs=211 ohms, Q=6.69E-7 Ssec"/cm?,
n=0.8, R=30015 ohms.
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[0035] The equivalent circuit model of co-immobilized LDL and HDL was found to be
a combination of individual LDL and HDL equivalent circuits: R(QR)(QR). While it is
possible to model the co-immobilized LDL and HDL with the same R(QR) circuit, the
chi-square and mean % stdev of R(QR)(QR) circuit (4.97E-04 and 2.01%, respectively)
are much smaller than that of R(QR) circuit (1.49E-03 and 3.85%, respectively) ,
suggesting a much better fit. The values for co-immobilization’s equivalent circuits are:
Rs=101 ohms, Qs=1.73E-4 Ssec"/cm?, n=0.6, R;+=7966 ohms, Q,=2.07E-7 4
Ssec"/cm?, n+=0.8, Rc2=9673 ohms.

[0036] The greatest challenge of measuring two biomarkers using a single co-
immobilized sensor is the large amount of signal aliasing. As seen in Figure 4c and 4d,
using the complex impedance approach can pose a great challenge for signal
decoupling and back-calculation of target concentrations when applied in multi-marker
detection settings. However, with the distinct peaks and higher RSQ values obtained
using the imaginary impedance approach, individual signals are easily distinguished.
The peak also makes determining optimal frequency much easier than in the complex
impedance approach, i.e., using just the imaginary impedance allows researchers to
focus on the capacitive signal resulting from the conformational changes of target-MRE
binding.

[0037] By using decoupling algorithms, it is possible to detect two biomarker
simultaneously on the same sensor. As disclosed herein, embodiments having an
electrode operably configured to provide an EIS-based imaginary impedance
measurement include computer processing components and capabilities utilizing non-
transitory computer readable media having decoupling algorithm programing.

[0038] In one embodiment, to decouple the signal generated from two biomarkers
(e.g., LDL and HDL) co-immobilized onto the same sensor surface, a unique decoupling
algorithm is applied ae described below. All impedance values are imaginary
impedance unless stated otherwise. Generally the calibration curve at each frequency is

typically expressed in the form of:

y(f) = m{f)«x + b(f) (a)

10
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Where y is the imaginary impedance, m is the slope, x is the target concentration, fis
the frequency, and b is the intercept. The term b(f) can be interpreted as a baseline
adjustment value, which can vary in different sensor configurations and surface
topography’s. The slope, m(f), can be considered as the main signal generated from
the binding of target molecules to their MREs including the association and
disassociation rates.

[0039] Using this concept, it can be argued that LDL-HDL co-immobilized data has
three components: the resulting imaginary impedance (y(f)), the impedance signal

resulted from LDL and HDL (m(f) = x), and the baseline adjustment impedance (b(f)).
Y12(f) = myp(f) *x12 + b12(f) ()

[0040] Where 1 denotes LDL and 2 denotes HDL. If the pattern of b(f) in the HDL-
LDL co-immobilized setup can be modeled, then the impedance values caused by b can
be subtracted from the overall co-immobilized impedance values. The remaining
impedance values across all frequencies are then the decoupled impedance values
resulted from the binding of the LDL and HDL molecules to their corresponding
antibodies.

[0041] For ease of modeling, the concentrations of LDL and HDL antibodies are both
50 pg/mL and are co-immobilized onto the gold sensor at a 1:1 ratio. XLfit, a Microsoft
Excel add-on for parabolic fitting, was used to model the parabolic curves that were
generated from plotting imaginary impedance (y(f)) against frequencies and slopes
(m(f)) against frequencies. The parabolic fitting was performed on both purified LDL
and HDL to model their electrochemical responses (m,(f) and m,(f)). The projected
impedance values (y';(f) and y',(f)) without the adjustment values (b, (f) and b,(f))
were then obtained by multiplying the parabolic fitting of HDL and LDL slopes (m, (f)
and m,(f)) with their target concentrations (x; and x,). The projected impedance values
of LDL and HDL (y';(f) and y',(f)) were then added together to project the impedance
values of co-immobilized LDL and HDL (y’, ,(f)) without the adjustment values

(b1 2(f)). The adjustment values (b, ,(f)) were then obtained by subtracting the
predicted co-immobilized impedance values (y'; ,(f)) from the actual co-immobilized

impedance values (y; ,(f)).

11
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[0042] After modeling the adjustment values (b, ,(f)), the projected adjustment
values (b'; ,(f)) at each frequency can be obtained. Lastly, by subtracting the projected
adjustment values (b'; ,(f)) from the actual co-immobilized impedance values (y; ,(f)),
the decoupled impedance values resulted from only the binding of LDL and HDL could
be obtained. New calibration curves for each biomarker where then obtained to detect
LDL and HDL separately.
[0043] Based on these unique characteristics, the imaginary impedance approach
better suits the characterization of multi-marker detection, while the complex impedance
approach is more specific to single-marker detection.
[0044] The idea of optimal frequency is to provide an orthogonal means (in addition
to the binding of target to MRE) for measuring target molecules. Although the optimal
frequency of a biomarker appears to have a characteristic signal peak at which the
impedance response is highest, it is different from the concept of absorbance
spectroscopy. Rather, we hypothesized that the optimal frequency be interpreted as the
AC input frequency at which the displacement field and electron transferring of the
whole system best correlates to the target’s binding phenomenon.
[0045] Looking at the system geometry and the results of the electrochemical circuit
modeling, an imperfect parallel plate capacitor (IPPC) is used to model the interaction of
chemical and biological molecules. The surface of the sensor is considered as the
bottom plate. The molecular recognition elements and the bounded target molecules at
the end of the SAM are considered as the top plate of the capacitor. The length of SAM
chains determine the distance between the two parallel plate capacitors. While the
bottom plate is relatively smooth, the top plate, depending on the orientation of the
MREs and the binding of target molecules, can report varying degrees of surface
roughness.
[0046] When EIS’s varying potential (E(w)) is applied, a displacement current can
pass through the IPPC. The displacement current flows because of the electric
displacement field (D), which is a vector accounting the effects of free and bound
charge inside the medium. The electric displacement field can be modeled as:

D(w) = e(w) *E(w) (5)

12
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[0047] It should be recalled that the impedance relates to how the electrons can flow
from the top of the medium to the sensor surface. With the IPPC, the concept of relative
permittivity (e,(w)) can be employed:

£(w)

1)

(6)

& (w) =

Where ¢, is the permittivity of the medium in a vacuum, e(w) the absolute permittivity of
the medium, and w the angular frequency. The resulting capacitance (C(w)) and
impedance (Z(w¢)) of the imperfect parallel plate capacitor thus becomes:

clw) =LA g,

1
Z(w), = Twl(@) (8)
Where A is the surface area of the parallel plates, k the dielectric constant of the

material, and d the distance between the parallel plates. The term effective capacitance
(Cer) is then related to CPE, derived from:

1-n
c 1 < R.R, )T 9
= n x
eff Q RS + RC ( )
[0048] In summary, as AC voltage is applied, the charges of ions and the molecules

can be polarized by the displacement field D(w), influencing the effective capacitance,
which can be related to the constant phase element, Q. The optimal frequency can thus
be interpreted as the frequency of an input AC voltage at which the resulting
displacement field, the relative permittivity, and the capacitance of the IPPC best
correlate to the binding of the target to its MRE. The imaginary impedance, which
correlates to the capacitance, can thus be correlated to target concentrations.

[0049] LDL is approximately 22 nm to 27.5 nm in diameter and HDL 7.3 — 13 nm.
Given that, it is interesting to note that LDL was detected at a higher frequency (81.38
Hz) and HDL at a lower frequency (5.49 Hz) in purified solution (Figure 4a and 4b),
suggesting a potential relationship between optimal frequency and molecular size.
Targets with various sizes can bind to their MREs to form size varying complexes,
affecting the capacitance of the IPPC and consequently the optimal frequencies. The

association and disassociation rates of HDL (342 nM-'.min"' and 27 min-') are also
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much higher than that of LDL (90 nM-".min"' and 3 min'), suggestion potential
connection to optimal frequencies as well.

[0050] This phenomenon helps explain the shift in frequencies after co-immobilizing
the two biomarkers. After co-immobilization the optimal frequencies of LDL and HDL
(5.48 Hz and 81.38 Hz, respectively) shifted to 3.74 Hz and 175.8 Hz, respectively. Note
that the CHIBB0C is only capable of measuring 12 frequencies per decade and 81.38
Hz is 4 data points away from 175.8 Hz, suggesting a higher resolution might be
desirable for future investigation. Parameters that may have influenced the shift in
optimal frequencies are steric hindrance, molecular diffusion rates, as well as
orientation and shape of the MRE-target complex. Other factors such as binding
kinetics; the association and dissociation rates; the physical changes that occur during
binding; and whether the mechanism is 1 step or multistep process can all have impacts
as well. These factors can affect the electron transfer rate and the capacitance of the
IPPC despite the immobilization of the two markers’ antibodies at a 1-to-1 ratio.

[0051] While EIS has been previously reported to have the theoretical capability of
multi-marker detection on a single sensor, one of the major roadblocks to a successful
multi-marker sensor has been the signal overlapping and decoupling. Here the
inventors disclose multi-marker detection by detecting LDL and HDL simultaneously on
GDEs. The inventors further disclose novel signal analyzing methods using just
imaginary impedance, a signal decoupling algorithm, and discuss factors that may affect
optimal frequencies.

[0052] The embodiments, methods, and examples described herein are illustrative

and not meant to restrict the scope of the claims.
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What is claimed is:

1. A method for detecting binding of one or more target analytes in a sample
utilizing Electrochemical Impedance Spectroscopy (EIS), comprising:

contacting an electrode with said sample, wherein said electrode includes an
analyte-capturing molecule immobilized thereto, and wherein said electrode is operably
configured to provide an EIS-based imaginary impedance measurement of binding of
said one or more target analytes in said sample; and

detecting binding of said one or more target analytes in said sample through a

change in said EIS-based imaginary impedance measurement.

2. The method of claim 1, further comprising comparing the imaginary impedance

measurement to a calibration curve of concentrations for each target analyte.

3. The method of claim 2, wherein said calibration curve of concentrations for each

target analyte is established at an optimal frequency.

4. The method of claim 1, further comprising utilizing a signal decoupling algorithm

for detection of more than one analyte on said electrode.

. The method of claim 4, wherein said signal decoupling algorithm comprises:
Y1,2(f) = my2(f) * x12 + b1 2(f)

, Where y is the imaginary impedance, 1 and 2 are a first target analyte and a second

target analyte, m is the slope, x is the target concentration, fis the frequency, and b is

the intercept.

6. The method of claim 1, wherein said analyte-capturing molecule comprises an

antibody.

7. The method of claim 6, wherein said antibody is against a lipoprotein.

15
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8. The method of claim 7, wherein said lipoprotein is HDL or LDL.

9. The method of claim 1, wherein said electrode includes a self-assembled

monolayer.

10. The method of claim 9, wherein said self-assembled monolayer comprises 16-

mercaptohexadecanoic acid (MHDA).

11. A method for detecting binding of two or more target analytes in a sample
utilizing Electrochemical Impedance Spectroscopy (EIS), comprising:

contacting an electrode with said sample, wherein said electrode includes two or
more different analyte-capturing molecules immobilized thereto, and wherein said
electrode is operably configured to provide an EIS-based measurement of the two or
more target analytes in said sample; and

detecting binding of said two or more target analytes in said sample through a

change in said EIS-based imaginary impedance measurement at a different frequency.
12. The method of claim 11, further comprising comparing the imaginary impedance
measurement for each target analyte to a calibration curve of concentrations for each

target analyte.

13.  The method of claim 12, wherein said calibration curve of concentrations for each

target analyte is established at an optimal frequency.

14. The method of claim 11, further comprising utilizing a signal decoupling

algorithm for detection of said more than one target analyte on said electrode.

15.  The method of claim 14, wherein said signal decoupling algorithm comprises:

Vi2(f) =my(f) * %12 + by 2(f)

16
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, Where y is the imaginary impedance, 1 and 2 are a first target analyte and a second
target analyte, m is the slope, x is the target concentration, fis the frequency, and b is

the intercept.

16. The method of claim 11, wherein said two or more different analyte-capturing

molecule comprises an antibody.

17. The method of claim 16, wherein said antibody is against a lipoprotein.

18.  The method of claim 17, wherein said lipoprotein is HDL or LDL.

19.  The method of claim 11, wherein said electrode includes a self-assembled

monolayer.

20. The method of claim 19, wherein said self-assembled monolayer comprises 16-

mercaptohexadecanoic acid (MHDA).
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