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Abstract Cardiovascular disease (CVD) is a leading cause
of death worldwide. Several biomarkers have been found
useful in diagnosis and management of CVD, so there is
an enormous potential utility for a point-of-care biosensor
capable of measuring the entire panel of CVD biomarkers
on demand. This paper presents one potential component
of such a biosensor, in the form of an electrochemical
impedance spectroscopy (EIS)-based measurement method
for one such CVD biomarker, neutrophil gelatinase-
associated lipocalin (NGAL). In this study, an antibody-
functionalized gold disk electrode is shown to detect NGAL
in blood diluted to 10% concentration, with a slope of
5.6824 ohms/LOG (ng/mL) and an R2 of 0.97 (n = 3) at
1.758 kHz. These results show the feasibility of an EIS-
based point-of-care biosensor for CVD markers. Future
work will include expanding the method demonstrated here
to cover other CVD biomarkers and integrating multiple
markers into a single sensor device.
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1 Introduction

Cardiovascular diseases (CVD) are a class of diseases that
affect the heart, veins, and arteries. CVD includes heart
attacks/coronary heart disease, strokes/cerebrovascular,
peripheral arterial disease, rheumatic heart and congenital
heart diseases as well as deep vein thrombosis and
pulmonary embolisms. CVD is responsible for more
than 17.1 million deaths in the U.S. annually and it is
estimated that by 2030, more than 23.6 million people
will die from CVD alone [25,26]. The impact of CVD is
broad, accounting for some 30% of all deaths worldwide—
even more than cancer [15]. Causes of CVDs include
atherosclerosis, smoke, LDL cholesterol, high blood
pressure, obesity, diabetes, and stress, which are among the
nineteen leading risk factors attributed to deaths in 2004.

The typical means of diagnosing and detecting CVD
include observation through auscultation, vital signs,

echocardiograms, radiographs, and blood work [16].
In this context, blood work includes measurement of
markers known to affect or correlate with CVD in patients.
These markers include lipoproteins (low- and high-density
lipoproteins and their components) [8], fibrinogen, C-
reactive protein (CRP), and brain natriuretic peptide (BNP),
among others [24]. Higher levels of LDL, CRP, and NGAL
have also been demonstrated in stroke patients as well [2].
Thus, there are many potential biomarkers that can be used
for at-risk detection.

One of these potential biomarkers is neutrophil
gelatinase-associated lipocalin (NGAL) [4]. NGAL in
humans is a protein with about 178 amino acids and a calcu-
lated mass of 22–25 kDa depending upon post translational
modifications [1]. NGAL can also be found in the urine, as
well as in blood. NGAL is usually found in monomer, dimer,
trimer, or 92 kDa complex forms [20]. NGAL has also been
noted as a good early indicator or marker for acute kidney
injury, especially after cardiac surgery [17,18]. Several
studies have noted increased NGAL concentrations in
intensive care patients, to a range of 66–922 ng/mL in serum
(110–40,000 ng/mL in urine), as compared to normal levels
of 37–106 ng/mL in plasma (0.7–9.8 ng/mL in urine) [9,27].
Thus, NGAL could potentially serve as one more member
of a standard panel of biomarkers for CVD patients.

Potential sensing strategies for NGAL might include
thermal, mechanical, and electrical transduction techniques.
Hunt’s work offers a good review and comparison of
many promising techniques [7]. Among these techniques,
electrochemical sensing has proven quite versatile in
various applications, such as blood glucose measurement,
and has been successfully used for more than forty years
in detection and management of diseases such as diabetes
mellitus [6]. The basic setup for an electrochemical sensor is
two or three electrodes. In the two electrode configuration,
the reference and counter electrodes are shared and the
second electrode is the working electrode [10,22]. In the
three electrode system, the working, counter, and reference
electrodes are independent of one another. Typically these
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sensors use either an affinity element (such as an antibody,
enzyme, or other binding protein, fragment or peptide) or a
catalytic consumption of the target. There are three major
classes of electrochemical biosensors: potentiometric,
amperometric, and impedimetric. In potentiometric mode,
no current is applied and the voltage produced is measured.
In amperometric mode, a potential is applied and the
current produced is measured. Amperometric mode
has many subtypes based upon initial input signal, like
cyclic voltammetry (a triangle-wave voltage applied to the
electrochemical cell), amperometric current-time (a fixed
potential applied over a period of time), or square wave
voltammetry (a square wave pulse train on top of a linear
ramp signal) [21]. Impedimetric sensors are basically the
resistance and capacitance measured from a system that
receives an alternating current (AC) signal on top of a direct
current (DC) offset potential with a frequency sweep from
high to low frequencies. The output is a ratio of the output
and input, with respect to phase lag or lead and plotted in a
complex plane called a Nyquist Diagram [14].

Electrochemical impedance spectroscopy (EIS), an
impedimetric technique, allows for label-free and rapid
detection of ultra-low-concentration targets. EIS has been
successfully used as a rapid, label-free, and ultrasensitive
biomarker detection [14] and has the potential to be
expanded to measure multiple markers simultaneously [11].
Not only can impedance be used to study concentration
effects, but equivalent circuit models can be made to
determine effects measured in solution resistance, electron
transfer resistance, double layer (or other) capacitance,
and diffusion limiting situations or nonlinear surfaces [23].
Recently, a modified technique to study multiple markers at
once on the same sensor was demonstrated [11]. In EIS, each
target has an optimal frequency of association or binding [3,
12,13]. However when studying two or more targets, these
frequencies can overlap or become confounded [5]. By
addition of a nanoparticle onto the molecular recognition
element (not the target) we have successfully tuned these
frequencies away from one another. This opens the
possibility of sensing an entire panel of biomarkers on
the same electrode of the same sensor device. However,
the first step is determining these frequencies for each
marker. Here we present a rapid, label-free electrochemical
impedance spectroscopy-based sensor for NGAL as one
potential component of a future point-of-care device for
measurement of multiple CVD-associated biomarkers.

2 Materials and methods

2.1 Chemicals and reagents

Phosphate buffered saline (PBS) was purchased from VWR
International (West Chester, PA, USA), 16-mercaptohexade-
canoic acid (16-MHDA), ethanol, N-hydroxysulfosuccin-
imide and 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide

hydrochloride, ethanolamine, potassium ferricyanide,
and ferrocyanide were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and NGAL and anti-NGAL were
purchased from R&D Systems (Minneapolis, MN, USA).
White New Zealand rabbit blood was purchased from
Bioreclamation (Long Island, NY, USA). A purified
concentration gradient of NGAL in a solution of 1X
PBS with 100 mM ferrocyanide and 100 mM ferricyanide
was made with 0, 5, 10, 50, 75, 100, 250, 500, 750, and
1000 ng/mL. Rabbit blood was diluted to 10% blood v/v in
1X PBS, pH 7.4 with NGAL concentrations the same as in
the purified studies in ferri-ferrocyanide mixture.

2.2 Electrochemical sensors

Gold disk working electrodes, Ag/AgCl reference elec-
trodes, and platinum wire counter electrodes were purchased
from CH Instruments (Austin, TX, USA). The gold disk
electrode was polished using 3.0, 1.0, and 0.05µm grit
alumina oxide slurry in water on Buehler felt pads with 150
figure 8’s on each pad followed by sonication in distilled
water for 15 min. Immobilization of the sensors was then
performed by incubating a 10 mM solution of 16-MHDA
in ethanol on the gold disk electrode for 1 h, followed by a
solution containing 40 mM EDC and 20 mM sulfo- NHS for
1 h, 50µg/mL of anti-NGAL antibody for 1 h to attach the
antibodies to the surface, and finally a 1% ethanolamine in
PBS solution for 30 min. Each step was followed by gentle
rinse with PBS for 10 s.

2.3 Electrochemical sensing

Electrochemical cells were set up as in Figure 1 by inserting
the gold disk electrode into a cut pipette tip with reference
and counter electrode wires adhered to protrude into the
resulting liquid-containing cell. Cyclic voltammetry scan-
ning from −1.0 V to +1.0 V was used to verify successful
cleaning and calculate the DC offset for EIS. Using the DC
offset from the CV’s and a 5 mV AC sine wave sweep from
100 kHz to 1 Hz, a “bare” electrode Nyquist curve was made
to verify cleanliness of the electrode, successful 16-MHDA
SAM, and covalent immobilization of the antibody. An
amount of 100µL samples of NGAL at different concentra-
tions were pipetted into the electrochemical cell and read-
ings were taken. Optimal binding frequency was determined
as the frequency which gave the concentration gradient an
optimal combination of slope and correlation coefficient.

3 Results and discussion

3.1 Purified NGAL detection in electrochemical cell

Using the aforementioned electrochemical cell setup
(Figure 1), 100µL of each target concentration was run
from blank (control) to 1,000 ng/mL in purified medium
(PBS with ferri- and ferrocyanide) first, then later in diluted
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Figure 1: (a) solution of ferri-/ferrocyanide and NGAL
interacting with the three electrode apparatus of (b) an
Ag/AgCl reference electrode, (c) a Pt counter electrode, and
(d) a gold disk working electrode. Electrochemical cell is
completed with (e) a cut pipette tip to allow for up to 1 mL
of solution to be tested. Top view of gold disk electrode (f)
seen in lower right with a diameter of 2 mm.

Figure 2: Nyquist response for NGAL concentration gradi-
ent ranging from blank to 1,000 ng/mL (a)–(j). EIS param-
eters were 5 mV AC potential on 200 mV DC offset with
frequencies sweeping from 100 kHz to 1 Hz. Samples were
in 100 mM of ferri- and ferrocyanide in 1X PBS at pH 7.4.

blood samples. The Nyquist diagrams obtained (Figure 2)
show a steady increase in impedance as concentration
increases. This is a typical response seen in most Randles
circuit Nyquist plots. It is readily apparent that at higher
frequencies, those closest to the origin display little
concentration effect. More “activity” is seen in the lower
frequencies.

Figure 3: Data extrapolated from concentration gradients,
showing the slope of the impedance-versus-concentration
regression line at each frequency plotted against frequency
(log scale).

Figure 4: Data extrapolated from concentration gradients
showing the R2 correlation of the impedance-versus-
concentration regression line at each frequency plotted
against frequency (log scale).

A more direct and quantitative measurement of
“activity” at a particular frequency can be obtained by
calculating (at each frequency) the impedance-versus-
concentration slope and tightness of fit or R-squared (R2)
correlation coefficients. A plot of these parameters versus
frequency (Figures 3 and 4) shows where the correlation
between impedance at a particular frequency and binding
occurs. Typically, a better slope is seen at low frequencies,
but a good tightness of fit is typically considered more
important than a large slope when determining which
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Figure 5: Sensor calibration plot (n = 3) of impedance
at 1.758 kHz against concentration of NGAL in purified
medium. Trendline is a log fit regression showing R2 of 0.68
and slope of 3.0074 ohm/(LOG ng/mL).

frequency is best for detection. A high slope with poor
fit makes a less than desirable sensor than one with less
responsivity but better or tighter correlation.

Once a frequency with good R2 and slope is identified,
here 1.758 kHz, a correlation plot can be made plotting the
impedance at 1.758 kHz versus concentration of NGAL
(Figure 5). Sensor responsivity was calculated at 3.0074
ohms/LOG (ng/mL) with an R2 of 0.68.

3.2 NGAL detection in 10% blood solution

The above experiments were repeated with the NGAL sam-
ples made in PBS with 10% blood. The concentration gra-
dient EIS measurements and calculations again showed an
optimal frequency of 1.758 kHz, and the resulting correla-
tion plot is shown in Figure 6. The fact that the frequency
did not change indicates a lack of nonspecific binding, as
typically other proteins will have different optimal binding
frequencies. Sensor responsivity in 10% blood was calcu-
lated to be 5.6824 ohms/LOG (ng/mL) with an R2 of 0.97.
A lower limit of detection for the prototype sensors was cal-
culated at 101.9 ng/mL using the standard approximation of
3.3∗ standard deviation divided by the slope [19] with sensor
to sensor variation of 25%. With improvements in design
and mass production capabilities of screen print sensors, lev-
els of 20% reproducibility like those of blood glucose meters
should be easily achievable.

The low blood concentration of 10% likely helped to
reduce nonspecific binding, as high concentrations of blood
typically increase the likelihood of nonspecific binding,
no matter the blocking method. No change in frequency
was measured under any of these “blood” solutions, only
a decrease in overall signal was observed. In the NGAL
application, since EIS is a very sensitive detection method
(typically able to detect femtomolar concentrations) and

Figure 6: Sensor calibration plot (n = 3) of impedance at
1.758 kHz against concentration of NGAL in 10% blood
medium. Trendline is a log fit regression showing R2 of
0.9732 and 5.6824 ohm/(LOG ng/mL) slope with 25%
variance determined over the concentration range.

the concentration of NGAL in blood is relatively high,
it is easy to dilute a patient blood sample sufficiently to
avoid nonspecific binding (as achieved with 10% blood
concentrations here) while still leaving enough NGAL
in the diluted blood sample for EIS detection. Another
means would be a simple in-fluidic flow size exclusion
chamber to remove the larger blood cells and leave only the
plasma for detection. In a situation where the physiological
concentrations of target are low enough to preclude extreme
dilution of the sample, the second method would be more
practical in a sensor device. Finally, a simple coating such
as widely used in self-monitoring blood glucose, namely,
Nafion, could also be employed.

4 Conclusions

Monoclonal antibodies against NGAL were immobilized
onto gold disk electrodes for EIS measurements of
NGAL in purified medium. Determination of optimal
binding frequency of 1.758 kHz was determined for
NGAL. The technique was testing in 10% blood solutions
as well and little degradation in sensor responsivity
and no nonspecific binding was noted. A lower limit
of detection of 101.9 ng/mL was measured in three
replicates with R2 of 0.97 and variance of 25% over
the physiological concentration range. The next steps would
include attempting to measure a broader range of NGAL
in 10% blood to account for dilution factor; increasing the
proportion of blood to see how little dilution or separation
would be required in a final device; development of a
lancet, microfluidic channel, and sensor all in one small
disposable sensor strip package; additional detection of
other CVD biomarkers such as CRP, LDL, HDL, and so on;
final incorporation of those markers all onto the disposable
device platform with full system testing.
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