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There is an increasing desire to measure multiple analytes simultaneously for disease management and
detection. However, in the case of invasive devices, it would be better to obtain one small sample and
immediately be able to detect the analytes rapidly, as in the case of self-monitoring blood glucose,
without the need for additional steps, arrays, or reagents. Electrochemical impedance spectroscopy is
used to measure the interaction between ultralow levels of analyte and molecular recognition element in
a label-free and rapid manner. Gold nanoparticles were attached to antibodies against interleukin-12
and tumor necrosis factor-a, typical inflammatory markers found with near overlapping responses, on
an impedance spectroscopy based biosensor. Cross-reactivity and specificity of tuned antibodies were
verified using ELISA. Impedance frequency was quantified by concentration gradients of marker
against the device. The natural impedance frequency for interleukin-12 (5.00 Hz) was tuned to a lower
frequency four Hertz away from one another for better signal processing. This was accomplished
without significantly altering the lower limits of detection (<4 pg ml~' and ~60 pg ml~' for interleukin-
12 and tumor necrosis factor-a, respectively), no cross-reactivity and specificity as determined by
ELISAs. With modeling the nanoscale effects and further development, a larger tuning will be possible
for making a better multiplexed sensor. Although interleukin-12 and TNF-a equivalent circuit
calculations were modeled here, a sensor with the potential to measure multiple markers at once might
offer a solution on the sensor front for simplified management of conditions such as diabetes, where
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both glucose and hemoglobin Alc values could be obtained.

1. Introduction

The possibility of assaying from a single sensor has long been
postulated by researchers and clinicians from various disciplines.
In the case of cancers, a variety of markers (ranging from sialyl
Lewis, Thomsen-Friedenreich antigen, polysialic acid, among
others) have been indicative of cancers ranging from lung, brain,
prostate, skin, or colon.! Subtle variations in glycosylated
proteins have even been noted with changes in the state of colon
or breast cancer.? Use of multiple markers is not unique to cancer
research either. Various markers for cardiovascular diseases were
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found to better correlate with the early disease detection and
management.® In relation to diabetes, useful markers that could
be measured might include inflammatory, immunological, or
metabolic (e.g., glucose, hemoglobin Alc).*

There are many technologies that are used to study multiple
markers, called microarrays. The technology to detect multiple
markers using microarrays ranges from mechanical,® optical,®
thermal,” and electrochemical.® However, each one of these
techniques either requires multiple sensors, wells, platforms, and/
or the use of labeling the target of interest. Electrochemical
techniques typically require the use of labels, complicated steps,
and stripping potentiometry,® or the use of arrays.'

There are three major types of electrochemical techniques and
each has limitations and advantages. In the case of the tech-
nology behind most self-monitoring blood glucose (SMBG)
devices, that use amperometric mode of operation'"'* the only
means to monitor multiple markers on a single device typically
requires the use of labels,'* which leads to more complex steps
and user error. In potentiometric mode, where the current is
driven onto the electrode and the potential developed is quanti-
fied, labels are also required to perform multiplexing. The last of
the three electrochemical techniques is electrochemical imped-
ance spectroscopy (EIS), where an alternating signal is placed on
a bias potential while frequencies from Hz to MHz are scanned.
In EIS, the ratio of the input to output signal develops the
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impedance (Z, in ohms), and with the change in phase (@)
between input and output. Thus, the real (Z') and imaginary (Z”)
impedances can be calculated using the equations below:

Z' = Z cos (D) 1
Z" = Z sin (®) )

Next, a Nyquist graph is plotted, with the real (Z') impedance
as the x-axis, against the negative of the imaginary (—Z")
impedance and produces a semicircle-like response in the
simplest of cases. The highest frequencies on the x-axis start near
the origin, and lower frequencies move out onto the curve. At
this point, the impedance is governed by the electron transfer
resistance, R.. At the maximum imaginary impedance, the
frequency is related to the inverse of 2 times 7 times R, times the
double layer capacitance, Cq;. Equivalent circuit diagrams can be
made to determine a system’s behavior at any frequency. Note,
that there are many types of material behavior embedded in
a Nyquist plot, ranging from constant phase element (CPE), to
Warburg, among others, depending upon surface imperfections
or diffusion limited systems.

The major advantage of EIS is that it can be performed in
a label-free manner, for small molecules, proteins, or whole cell
with the target molecules or cells which exhibit a unique
frequency upon binding. In the case of breast cancer, the
Thompson—Frederick (TF) antigen has long been thought to be
a good indicator in the nipple aspirate fluid (NAF). Since the
NAF is considered a minimally invasive medium, it was selected
for biosensor development for breast cancer screening using
label-free EIS.’ This resulting sensor demonstrated that the
sugars on the TF antigen and the molecular recognition elements
(MREs), a sugar binding protein (or lectin), exhibited a maximal
detection response at 176.00 Hz. Similarly, development of
a label-free diagnostic aid for multiple sclerosis using interleukin-
12 (IL-12) as a biomarker demonstrated a 5.00 Hz signal.'®
Whole cell biosensors for the determination of bacterial infec-
tion, such as Salmonella typhimurium, have also been developed
with maximal response at frequencies around 10.00 Hz.'®
Recently this multiplexed sensor array design was implemented
for various inflammatory markers and the exact nature of the
overlapping problem was verified.'” Five markers, IL-2, TL-10,
IL-12, tumor necrosis factor-a. (TNF-a), and interferon-y
(IFN-v) were studied. The results of the study showed that some
of these markers were very close to overlapping with 5, 9.77,
17.44, 31.50, and 117.20 Hz for the IL-12, IFN-y, TNF-a, IL-2,
and IL-10 markers, respectively.

Enhancements to EIS have been made over the years, typically
in signal amplification, such as the use of colloidal gold, or gold
nanoparticles (AuNPs). Some researchers have demonstrated an
amplification affect by using AuNPs in EIS'® where the addition
of the AuNP (and a secondary label step) allows for a more
sensitive signal to be produced due to an altered electrical effect
on the system. But none have demonstrated any unique means to
detect multiple targets on a single sensor. Using more than one
sensor to achieve multiple marker sensing is one of those means,
as with most many electrochemical techniques, and this has been
demonstrated with EIS as well.’ However, in the case of
a disease such as diabetes, noncompliance with a single marker

sensor is high,?*?! but this would only increase if the patients had
to make multiple measurements for multiple targets daily.
Likewise the other hand, it would be almost impossible to
differentiate, label-free, five inflammatory markers on a single
device (Fig. 1) due to the closeness of their inherent frequency
maxima, as these binding or interaction events occur at different
albeit close to one another frequencies. Therefore, a more crea-
tive solution is required. By use of frequency dependent analysis
of an analyte’s interaction with the target, we have developed
a means to alter or tune the optimum detection frequency of an
analyte-MRE pair away from its native state. MREs were
prepared and tuned individually, and integrated onto a single
sensor by simple mixing during the fabrication step. Upon
addition of the sample to the sensor (like current SMBG devices),
multiple analytes’ concentrations were monitored simulta-
neously. This allowed the otherwise closely packed frequency
spectra of analyte-MRE pairs to drift away from one another,
thereby enabling a sensor with multiple MRE elements to relay
information about the nature of the target molecules immobi-
lized on the sensor surface. Here we present the proof of principle
for the manipulation of the optimum detection frequency of an
analyte-MRE pair demonstrating the tuning, retention of spec-
ificity and sensitivity thereof.

2. Results and discussion
2.1 Gold nanoparticle-antibody conjugation

Conjugation of the AuNPs to a well established MRE, a mono-
clonal antibody (mAb), specifically anti-IL-12, was measured by
a pronounced Stokes (red) shift in the surface plasmon resonance
(SPR) spectra. Unconjugated AuNPs displayed a plasmon
maximum at 516 nm (Fig. 2), whereas upon successful conju-
gation, a red shift of the same to 526 nm was observed.?*¢
Furthermore, FWHM of the conjugated complex resembled that
of the bare AuNPs and the spectrum of the former was free of
other absorption maxima at higher wavelengths. This indicates
that the amount of the unconjugated AuNPs and the aggregates

g

Fig. 1 Conceptual diagram of sensor (left) showing sensor substrate on
which Ag/AgCl reference, gold working, gold counter electrodes and
electrical leads are fabricated on. Cross-section of sensor surface (right)
with 5 possible target systems under study simultaneously. These targets
could range from: HbAlc detected by tuned monoclonal antibody,
IL-2RA, insulin using its inherent electroactive nature for detection,
enzymatic detection of glucose using GDH-FAD, and finally hsCRP
detection using tuned monoclonal antibody assay all simultaneously on
a single strip sensor.

This journal is © The Royal Society of Chemistry 2011

Analyst, 2011, 136, 1496-1501 | 1497


http://dx.doi.org/10.1039/c0an00923g

Published on 03 February 2011. Downloaded by Universidade Federal do Parana on 28/08/2013 15:29:51.

View Article Online

1.00 4

0.75 4

0.50 4

0.D. (a.u.)

0.25 4

0.00 ) T ) T 1
450 500 550 600 650 700

Wavelength (nm)

Fig. 2 UV-VIS absorbance spectra showing pre-conjugated spectra for
AuNP (solid) with peak at 516 nm and red shifted peak of AuNP
conjugated mAb (dashed) with peak at 526 nm.

was insignificant compared to that of the conjugated AuNPs in
the final solution.

2.2 Functional verification of gold nanoparticle—antibody
conjugates

Successful conjugation is very important to the system but
functionality of the conjugates is a must. To determine whether
any 1ill effects occurred during conjugation, such as complete
AuNP coverage of the antibody occurred, ELISAs were per-
formed. Firstly, the unconjugated anti-IL-12 was seeded on an
ELISA plate and tested against IL-12 target to determine lower
limits of detection (LLD) and responsivity as measured by the
slope of the curve. The unconjugated anti-IL-12 bound IL-12
with an LLD of 3.9 pg mL~' and a responsivity of 7.3 x 107*
(n =3, R* = 0.999). However, the AuNP conjugated anti-IL-12,
when tested against a concentration gradient, exhibited some
decrease in LLD = 60 pg mL~! and responsivity = 3.6 x 1073
(n =3, R*=0.999). To test against specificity, another protein,
namely TNF-a, was run in the anti-IL-12 ELISA with minimal
signal detection (Fig. 3).

The results from the TNF-o ELISA were similar in trends. The
unconjugated anti-TNF-o : TNF-a results had an LLD of 3.4 pg
mL~" and responsivity = 4.3 x 10~* (n = 3, R> = 0.999) and when
conjugated, the system’s LLD went to 109 pg mL™' with
responsivity = 4.3 x 1075 (n = 3, R* = 0.999). Again, there was
little to no cross-reactivity when presented with the other marker,
1L-12 in this case (Fig. 4). This loss of the LLD and responsivity
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Fig. 3 ELISA verification of AuNP conjugated mAb functionality with
“untuned” mADb function against IL-12 (left) compared to “tuned”
conjugate (right) against 1L-12 (sloping data) and against TNF-a (flat
response) showing high specificity remains for IL-12 and little to no cross-
reactivity to TNF-a.
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Fig. 4 ELISA verification of AuNP conjugated mAb functionality with
“untuned” mAb function against TNF-a (left) compared to “tuned”
conjugate (right) against TNF-a (sloping data) and against IL-12 (flat
response) showing high specificity remains for TNF-a and little to no
cross-reactivity to IL-12.

is an expected result of the conjugation as some of the binding
sites on the complexed antibody are used to interact with the
surface atoms of the AuNP.

2.3 Tuning electrochemical impedance spectroscopy proof of
principle

The initial testing performed included a comparison between two
sets of sensors (n = 4 total) with two sensors with unconjugated
anti-IL-12 immobilized compared to the sensors Nyquist prior to
immobilization showing little or slight change in impedance
indicating successful immobilization but no altered or adjusted
impedance. However, once the immobilization of an AuNP
conjugated anti-IL-12 sensor was run, the Nyquist exhibited
a marked change in impedance as compared to the reading prior
to immobilization (Fig. 5) indicating a significant change in
impedance has occurred.

To determine the exact nature of this change, and to see if
a successful tuning occurred, a concentration gradient of 1L-12
was run against the unconjugated and conjugated sensors. When
the concentration gradient was run against the unconjugated
antibody sensor, a typical 5.00 Hz signal was seen. However, in
the case of the conjugated (or tuned), the maximal response was
detected at 1 Hz, 4.00 Hz away from the typical response. Veri-
fying that the 5.00 Hz signal is no longer an optimal frequency on
this “tuned” sensor shows that even such a small change in signal
is measurable over 4 log orders of concentration (Fig. 6). This
shift of 4.00 Hz was performed using a 10 nm AuNP. However,
when a smaller particle is used, the impedance of the conjugate
system displays astarker adjustment due to further quantization
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Fig. 5 Left: Nyquist responses (solid) with immobilized unconjugated
antibodies and (dashed) bare electrodes (with no linker or antibody).
Nyquist responses (right) for electrodes with conjugated antibodies
immobilized on them (solid) and with no AuNPs conjugated on them
(dashed). Note: all sensors were run “bare” prior to antibody or anti-
body-AuNP conjugates were attached to them.
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Fig. 6 Schematics for (left) “untuned” (upper) and AuNP “tuned”
(lower) mAb with results demonstrating feasibility (right) with “untuned”
anti-IL-12 : IL-12 binding showing typical 5 Hz optimal response (solid)
to “tuned” response now shifted to 1 Hz (dashed) as well as verification of
reduced 5 Hz response for the “tuned” system back at 5 Hz (dotted line).

and a higher degree of signal shifting is possible. In the case of
two targets being close to one another, one type of tuning
element could shift the lower frequency even lower while the
other tuning element could shift the higher one higher, thereby
optimizing these two to be the furthest away from one another as
possible. As most biomarkers have demonstrated frequencies
associated with them at or below 1 kHz, this method of tuning
will readily allow for at least five biomarkers to be tuned
significantly apart in this region.

3. Experimental
3.1 Gold nanoparticle—antibody conjugation

The AuNPs used in this study were prepared according to
a method described earlier in the literature.> Basically
commercial AuNPs (Sigma-Aldrich, St Louis, MO) were made
by % composition from stocks of 5 x 10'3, 5.7 x 102 and 7 x
10" for 5, 10 and 20 nm respectively. By this method, AuNPs of
2-20 nm in diameter were prepared. For 5 nm particles, 1 mL of
1% (w/v) HAuCl, is mixed with 79 mL of deionized (DI) water
and heated to 60 °C. Meanwhile, a reducing mixture of 4 mL of
1% (w/v) trisodium citrate, 5 mL of 1% tannic acid and 5 mL of
2.5 mM K,COj3; and 5 mL of DI water is brought to 60 °C and
added to the gold solution with stirring. Upon observation of the
red color, the resulting solution is boiled for 10 min. For larger
particles, lower amounts of tannic acid and potassium carbonate
were used in equal amounts (down to 0.01 mL for 20 nm parti-
cles) while keeping the total reducing solution volume at 20 mL.
The final solution containing the particles was cooled to room
temperature and the intensity of UV-VIS absorption, Spec-
traMax M5 Photospectrometer, Molecular Devices, Sunnyvale,
CA at 520 nm, was adjusted to 1 AU by centrifugation
before use.

Antibodies and antigens in lyophilized form were purchased
from R&D Systems, Minnesota, MN and were reconstituted in
phosphate buffered saline (PBS) which was purchased in tablet
form from CalBioChem, La Jolla, CA, and was dissolved in DI
water to yield a working solution of 140 mM NaCl, 10 mM
phosphate buffer and 3 mM KCI, pH 7.4 at 25 °C.

The conjugation of the antibodies with AuNPs was done
according to the following procedures. The minimum amount of
antibody required to stabilize the AuNPs in a given solution was
determined by mixing a series of concentrations of the protein
(10-100 ug mL~', 1 mL) with a millilitre of gold solution and

incubation for 5 min. After 5 min, 0.5 mL of 10% (w/v) NaCl was
added and the protein concentration at which the gold solution
changes the color to blue from red was deemed as the minimum
concentration required amount for stabilization. Up to 25%
excess protein was used in addition to the minimum concentra-
tion determined to ensure a higher degree of conjugate stabili-
zation. The AuNPs were then incubated at room temperature for
20 min after bringing the pH of the colloidal suspension to pH 8-
9 with K,COs, which is close to the isoelectric point of most
immunoglobulin G (IgG) molecules. The resulting solution was
transferred into a Beckman Quick-Seal tube and centrifuged in
a Beckman-Coulter Optima L-100 XP Ultracentrifuge at 50 000g
for 20 nm, 70 000g for 10 nm, and 90 000g for 5 nm AuNP
conjugated antibodies at 4 °C for 1 h to separate unconjugated
antibody from the gold-antibody complexes. Dark red colored
pellet obtained by centrifugation was then reconstituted in
10 mM PBS. The conjugates were consumed immediately.

Structural assembly of the conjugates was determined by
UV-VIS spectroscopy. Spectra were collected prior to and post-
conjugation from 450-700 nm from a 1 mL sample using a Shi-
madzu BioSpec-mini spectrometer after a background of pure
buffer was subtracted.

3.2 Functional verification of gold nanoparticle-antibody
conjugates

To verify the functional assembly still displayed the same sensi-
tivity and specificity as before, Enzyme Linked Immunosorbent
Assays (ELISAs) were performed. All reagents were purchased
from R&D Systems, Minnesota, MN, and four plates were
developed according to the following protocols. 100 upL,
10 ug mL™' of the appropriate capture antibody/conjugate
solution (in PBS) was placed into the wells of a clear polystyrene
microplate and the plate was sealed and incubated overnight at
4 °C. The wells were washed with ~400 puL wash buffer (0.05%
Tween 20 in PBS) 3 times before blocking the plates with 1%
Bovine Serum Albumin in 10 mM PBS, pH 7.4, for 2 h.
Following the washing step, 100 uL of the sample antigen (2 ng
mL~" in PBS) was added to each well and the plate was gently
tapped to ensure proper mixing before the plate was sealed and
incubated at 25 °C for 2 h. 100 pL of the biotinylated detection
antibody (100 ng mL~" for IL-12 and 200 ng mL~" for TNF-a in
PBS) was added to the wells, which were incubated for 2 h at
25 °C before the addition of 100 pL streptavidin—horse radish
peroxidase (1/200 dilution factor) for a duration of 20 min at
25 °C. Finally, 100 uL aliquots of the substrate solution were
added and the plate was sealed and covered with aluminium foil
for 30 min before stopping the reaction with 50 pL stop solution.
After thorough mixing, the optical intensity at 450 nm was
determined using a Molecular Devices, Silicon Valley, CA,
SpectraMax M5 Plate Reader within 30 min. The absorption due
to bare plates at 540 and 570 nm was subtracted using the built-in
wavelength correction of the instrument.

3.3 Tuning electrochemical impedance spectroscopy proof of
principle

Gold disc electrodes (2 mm diameter) purchased from CH
Instruments, Inc., Austin, TX were used throughout this study.

This journal is © The Royal Society of Chemistry 2011
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Gold electrode was polished for 2 min with 1, 0.3 and 0.05 um
Al,O3 powder and was sonicated for 5 min in acetone, ethanol
and DI water to remove alumina from the surface. Upon
washing the electrode with copious amounts of DI water, cyclic
voltammetry (CV) was performed on the bare gold electrode
using a three electrode system (Au working electrode, Pt counter
electrode and Ag/AgCl reference electrode) in a solution of 5 mM
[Fe(CN)g]* /[Fe(CN)g]*~, 0.1 M KCl and 10 mM PBS (pH = 7.4)
to obtain the formal potential of the system using standard Ag/
AgCl reference electrode (~250 mV depending upon electrode
used). Impedance measurements were taken subsequently from
the electrode at the former potential obtained from CV at
a frequency range of 0.10 Hz to 10° Hz, with amplitude of 5 mV.
All electrochemical measurements were done with a CHI660C
analyzer (CH Instruments Inc., Austin Texas, USA).

Immobilization of the anti-IL-12 antibodies onto the sensor
surfaces was performed as previously reported.?* Briefly, self-
assembling layer of 16-mercaptohexadecanoic acid (16-MHDA)
was formed on the previously cleaned gold electrode though thiol
linkages. The electrodes were kept in MHDA solutions having
a concentration of 1 mM to 25 mM (in absolute ethanol) for
a period varying between 1 and 12 h at room temperature. Most
electrodes were immersed in 1 mM MHDA for 1 h at RT.

Carboxylate groups of MHDA were converted to succinimidyl
esters by immersing the electrode in an aqueous solution of
40 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
in the presence of 10 mM water soluble sulfo-derivative of
N-hydroxysuccinimide (NHS) for 1 h. After decanting the EDC—
NHS and washing the sensor with DI water, the antibody (anti-
IL-12 or anti-TNF-a) was then immobilized on the activated
sensor surface by immersion into a 10 pg mL~" solution (in PBS)
of the desired antibody overnight at 4 °C. The sensor was washed
with PBS following immobilization and blocked by ethanol-
amine using an aqueous solution of 1% (w/v) for 30 min against
non-specific binding, prior to antigen exposure at varying
concentrations.

Electrochemical impedance spectroscopy was performed using
a CHI660C Impedance Analyzer, gold disk working, platinum
wire counter, and silver—silver chloride reference electrodes from
100 kHz to 0.10 Hz sweeps using a 250 mV DC offset and 5 mV
AC potential. Initial testing was performed using bare gold
working electrode and immobilized unconjugated and AuNP
conjugated anti-IL-12 immobilized electrodes with 100 pL of
5 mM ferricyanide—ferrocyanide redox probe in 1x PBS at pH
7.4. Concentration gradients of IL-12 were then made from
0 (buffer alone) to 10 000 pg mL~" of target protein. Frequency
analysis was used to show impedance at characteristic frequency
for binding and plotted against concentration.

4. Conclusions

In this paper, we demonstrated a tuning of the EIS frequency
element for the potential of multiplexing multiple markers onto
a single sensor. By use of AuNPs conjugated to the MRE, we
have shown differential tuning using 5, 10, and 20 nm diameter
sizes of AuNPs. By conjugation of the NP to the MRE rather
than the target, timely and complicated labeling (of the target)
steps were avoided. With this principle, extension of the tuning to
10’s to 100’s of Hz should be made possible by better selection of

alternative sizes, materials, and perhaps particle to MRE
spacing. Currently, a model of the nanoscale effects is being
developed that will incorporate these factors into a single func-
tion of particle size and frequency shift, which in turn could be
used to help explain the current observations and provide further
insight on how to increase the tuning response.

The technology described here may have important uses for
the management of chronic diseases such as diabetes. Specific
markers for diabetes could be studied using EIS to determine
maximal response frequencies, and designing the tuning
required. As such, various metabolic, inflammatory and immu-
nological markers relevant to diabetes such as glucose, insulin,
CRP, IL-2RA, and HbA1c**® could be incorporated into
a single test strip, which in turn could bring the technology one
step closer to providing a new paradigm for more effective care.

Abbreviations

SMBG self-monitoring of blood glucose

HbAlc glycosylated hemoglobin

CRP C-reactive protein

IL-2RA interleukin-2 receptor A

EIS electrochemical impedance spectroscopy

Z impedance

0] phase

V4 real impedance

z" imaginary impedance

R, solution resistance

R electron transfer resistance

Cq double layer capacitance

CPE constant phase element

MRE molecular recognition element

NAF nipple aspirate fluid

TF Thompson-Frederick antigen

IL-12 interleukin-12

AuNPs gold nanoparticles

TNF-a tumor necrosis factor-o

IFN-y interferon-y

DI Deionized

PBS phosphate buffered saline

IeG immunoglobulin G

ELISA Enzyme Linked Immunosorbent Assay

16-MHDA 16-mercaptohexadecanoic acid

EDC 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide

NHS sulfo-derivative of N-hydroxysuccinimide

FWHM full width at half maximum

CvV cyclic voltammetry

mAb monoclonal antibody

LLD lower limits of detection

UV-VIS ultraviolet-visible
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