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A nanochannel-based electrochemical sensor for the detection of
trace amounts of erythromycin has been developed. The sensor is
capable of specifically detecting erythromycin, at a sensitivity of
0.001 parts per trillion, in various water samples and has potential
utility in the assessment of environmental water quality.

Introduction

In 2009 alone, approximately four billion prescriptions were
distributed to Americans containing a variety of pharmaceuti-
cals.” These drugs rarely get fully metabolized and are excreted
by the body.? Often times they get discarded by consumers and
pharmaceutical companies as well.? For this reason, sewage and
drinking water treatment plants are utilized throughout the
United States in an effort to keep water clean for human use.
However, evidence has recently emerged showing that millions
of Americans are being supplied with water containing trace
amounts of pharmaceutical contaminants.* Even at very small
concentrations, these drugs pose a huge risk not only to
humans, but also to the aquatic wildlife inhabiting local rivers,
lakes, and reservoirs.® This issue illustrates a significant need
for the creation of a reliable technology that allows for
continual, rapid detection of these hazardous chemicals prior
to allocation of water to the environment and to individuals
for consumption.

The most widely used method for analyzing possible
contaminants in water suffers from numerous drawbacks that
make constant quality monitoring difficult. Isolation of the
drugs is accomplished with solid phase extraction techniques,
followed by either liquid or gas chromatography combined with
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mass spectrometry for identification and quantification. This
technique is fairly sensitive (LOQ ~ 0.1 ppt) and accurate,
however issues with the procedure include the use of bulky
expensive equipment, trained personnel, as well as lengthy
experimental and preparation times. Gas chromatography
requires even longer setup due to derivatization steps for polar
compounds.® Although gas chromatography requires additional
steps, it is more efficient than liquid chromatography which can
have variability in measurements associated with changes in
ambient pressure and temperature in addition to issues of
signal suppression and matrix effects.”® To alleviate the current
problem, a sensor is needed that exceeds the detection reli-
ability of the existing methods with significantly lower cost, ease
of use, portability, and a faster method of analysis.

Electrochemical sensors have become increasingly utilized
in the fields of industry, medicine, and agriculture for their
robustness as a sensitive, cost-effective, and rapid form of
molecular detection. This transduction mechanism has allowed
for the detection of gases, biological molecules, pesticides, and
other chemicals by measuring changes in electrical charge
transfer within the system.” One such method of electro-
chemical detection is electrochemical impedance spectroscopy
(EIS), which has been shown to effectively detect surface
morphologies associated with either molecular corrosion or
molecular binding to the transducing element. EIS has proven
to be a more efficient strategy of analyte identification and
quantification at low concentrations levels compared to other
electrochemical techniques. A nanoporous membrane can be
incorporated with the sensing portion of a platform to decrease
background interferences and amplify electrical signals.*
Compared to cyclic, square wave, and differential pulse vol-
tammetry, EIS allows for lower limits of detection while at the
same time providing better sensitivity."* Also, other electro-
chemical modalities require the use of a redox probe which
adds restrictions of time, cost, and lack of portability to the
analytical process.

A microdevice, coupled with a nanoporous membrane, has
been designed to effectively and reliably detect a common
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pharmaceutical contaminant in various water sources. Eryth-
romycin, an antibiotic frequently administered to patients with
penicillin allergies, was chosen as the drug of interest for this
study because it has been shown to occur in small quantities in
local water supplies.>** Experimental results using the EIS
strategy show that the platform can quickly and efficiently
identify small concentrations of this drug in deionized water,
bottled water, and river water. Integration of the nanoporous
membrane with the sensor is the key to significant enhance-
ment in detection, proving to be a robust methodology for
application to label-free sensors.

Materials and methods
Sensor design

The sensor platform consists of a printed circuit board with an
electroplated two-electrode gold pattern. As seen in Fig. 1(a), the
sensing site is comprised of working and reference electrodes
configured into an inter-digitated concentric circular design. All
electrodes have a width of 1 mm with 1 mm edge-to-edge
spacing. The outer and innermost electrode rings connect to
form the reference electrode, maintaining diameters of 13 mm
and 5 mm, respectively. The working electrode is composed of
the intermediate ring, with a diameter of 8 mm, branched from
a central stem. This specific design was established to enhance
the changes in impedance resulting from molecular binding by
creating a large surface area for the reference electrode
compared with the working electrode (10 : 1) and maintaining
small gaps between the electrodes. It has been previously
established that circular patterns maximize the surface area of
the sensing site while helping to minimize edge effects."®

The circular electrode pattern was overlaid with a nano-
porous alumina membrane (Anodisc - Whatman, NJ) having
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Fig. 1 Sensor platform for detection of antibiotic contaminants in water. (A)
Gold electroplated printed circuit board for antibiotic detection using EIS; voltage
is applied between the working and reference electrodes and the measured
impedance is used to estimate the concentration of erythromycin. (B) Biochemical
reactions occurring inside the channels of the overlaid nanoporous membrane
form the electrical double layer; the nanoporous membrane behaves as a
molecular sieve as well as a confined space for effective biochemical interactions.
(C) Modified Randle's equivalent circuit for non-faradaic electrochemical bio-
sensing assay — Cdl: double layer capacitance, Rsol: solution resistance, W: War-
burg impedance for ion diffusion reactions.
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the same diameter as the outer electrode ring, which enabled
full coverage of the sensing site. The 60 um thick AnoporeTM
inorganic membrane has an average pore density of 37.5%, with
each individual pore measuring 200 nm in diameter. This pore
size allows for proper diffusion of molecules from the bulk
solution onto the gold electrode surface.

Lastly, a polydimethylsiloxane (PDMS) manifold was created
in order to secure the membrane in place and encapsulate the
fluid on the sensor. The manifold has a 150 pL volume capacity,
with two 1 mm inlet/outlet ports to allow for introduction of
solution into the space above the membrane. The manifold was
attached to the PCB substrate using a UV-curable, silicon
adhesive.

Assay preparation

The process of functionalizing the erythromycin antibody
conjugate onto the sensor surface was accomplished by first
adding 150 pL of a 10 mM solution of dithiobis succinimidyl
propionate (DSP) dissolved in dimethyl sulfoxide (DMSO) onto
the electrodes (Thermo Scientific - Waltham, MA). After the DSP
molecule gets cleaved in the DMSO, the available thiol groups
self-adsorb to gold, leaving the N-hydroxysuccinimide (NHS)
groups available for the antibody's primary amine to bind. After
a 30 minutes incubation at room temperature, unbound DSP
was washed with DMSO followed by phosphate buffer saline
(PBS) and removed from the encapsulating area. Next, the
erythromycin conjugate antibody (Abcam - Cambridge, MA)
was diluted to 100 pg mL™" in 150 pL of PBS and allowed to
incubate at room temperature on the sensing area for 15
minutes. An antibody calibration study was performed previ-
ously to isolate the incubation time and concentration that
would allow for optimum saturation of the sensing site. After
incubation, another wash step was performed with PBS to
remove excess antibody. Finally, 150 pL of Superblock (Thermo
Scientific) was injected into the sensing area for 15 min at room
temperature. This step is imperative for eliminating non-
specific binding by obstructing any available NHS groups on the
linker molecule that did not bind an antibody. Assay prepara-
tion was concluded by removal of the blocking buffer and
subsequent washing of the sensor with deionized water.

Erythromycin detection

Prior to measurement, erythromycin was first diluted into three
different water sources: deionized water (Corning - Corning,
NY), bottled drinking water (Kroger - Cincinnati, OH), and
water collected from the Arkansas River in Wichita, KS. The only
additional sample preparation step consisted of filtering the
river water of suspensions using a 0.22 pm filter. The concen-
trations of antibiotic prepared in each fluid sample were 0.001,
0.05, 0.25, 0.5, 1, 250, 1000 and 10 000 parts per trillion (ppt).
Detection of the antibiotic was achieved using the technique
of EIS. Impedance measurements were obtained by first
attaching the leads of the sensor platform to a Gamry Reference
600 potentiostat. Analysis of the water samples was achieved by
applying a 10 mV AC voltage while sweeping the frequency from
50 to 1200 Hz. When biological molecules are involved in
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impedance measurements, the voltage is kept low to reduce the
risk of structural denaturation.* The impedance readings were
collected during each step of assay preparation as well as all
erythromycin dilutions by measuring the resultant voltage to
current ratio at 100 Hz. This specific frequency was chosen by
first plotting frequency vs. impedance over a range or frequen-
cies from 0.1 Hz to 1 MHz. This allowed for identification of the
frequency range playing the most significant role in impedance
changes due to charge perturbations at the electrical double
layer (50-1200 Hz). It was then possible to further narrow down
the frequency to the one that provided the largest changes in
impedance between each concentrated sample (100 Hz).

All erythromycin detection assays began by introducing
water without analyte onto the sensor and taking an impedance
measurement. The sample was removed and the sensing site
was washed with deionized water. Then the lowest dilution of
erythromycin was added onto the sensor and allowed to incu-
bate at room temperature for 15 minutes, followed by another
impedance reading. This process was repeated with increasing
doses until all concentrations of the drug were measured.
Fig. 1(b) shows a detailed schematic of the electrode-function-
alized immunoassay. After impedance measurements were
obtained for each concentration in all three water sources, the
procedure was carried out again using the antibiotic spectino-
mycin. These experiments were performed to analyze the
specificity of the sensor for erythromycin. Spectinomycin was
chosen for cross-reactivity studies since it is a commonly
prescribed alternative to erythromycin due to its similar struc-
ture and function compared to the target molecule.

Results and discussion

The research described here involves the development of a
nanotechnology-enabled EIS sensor platform for the highly
sensitive detection of a commonly used pharmaceutical anti-
biotic - erythromycin - as a contaminant of water derived from
various sources.

EIS and sensor performance

Fig. 1(c) depicts the modified Randle's circuit model for the
sensor. Because the platform executes a non-faradaic form of
EIS due to the lack of a redox probe, the charge transfer resis-
tance is negligible and thus left out of the circuit.” Identifica-
tion of erythromycin concentrations is accomplished by
measuring changes in the surface charge distribution at the
electrical double layer (Eq;) of the sensing site. As erythromycin
molecules bind to the antibodies at the boundary between the
solution and the metal electrode, a disruption of the charge
distribution at the Eg, occurs. This results in a capacitive change
that can be measured by impedance. The impedance used when
representing the data is the Z modulus values. The Z modulus is
a combination of resistance and capacitance measured at a
particular frequency. We observed capacitance as a dominating
factor in our experiments. The change in capacitance was
directly correlated to the change in impedance. As erythromycin
binding increases at the surface of the electrodes, the resultant
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impedance decreases.”® A change in impedance can then be
plotted on the positive axis by subtracting the measured
impedance of each sample from the impedance correlating to
the buffer lacking any antibiotic. These changes in impedance
can be mapped directly to different concentrations of erythro-
mycin in solution. By measuring the changes in impedance over
a range of erythromycin concentrations, it is possible to
generate a calibration curve with which to compare unknown
samples.””

Based on our previous studies, sensor sensitivity is greatly
enhanced through the placement of a nanoporous membrane
on the surface of the sensing site.”®* The pores in the alumina
membrane create a network of tiny channels for molecules to
diffuse through prior to binding on the electrode. In this way
the membrane acts as a type of filter, excluding large molecules
that could potentially cause an unreliable signal. In addition,
the nanopores provide a unique confined environment for the
interaction of the functionalized antibody with its target
antigen.”®** This nanoscale space assists in enhanced binding,
which results in amplified impedance measurements.®

Detection of erythromycin

Varied concentrations of the antibiotic erythromycin were
prepared in three different water sources to analyze the reli-
ability of the sensor for water quality assessment. Detection of
the drug was determined by first taking an impedance
measurement of the medium without any analyte prior to
addition of the erythromycin samples. Evaluation of each
concentration of the drug could then be represented as the
difference in measured impedance between the samples with
and without erythromycin.”*** Another antibiotic - spectino-
mycin - was analyzed similarly in parallel in order to test the
specificity of the sensor to erythromycin. The range of sample
concentrations chosen coincides with the amount of antibiotics
commonly found in environmental water sources, which is in
the 1 to 1000's of ppt range depending on the source.”” The
sensor was also evaluated for samples with concentrations
below the environmental range to attempt sensitivity of detec-
tion at lower limits compared with current standard methods.

The samples prepared with deionized water were first used
as a control for this study. Considering this medium does not
contain any ions or molecules, the only contributing factor to
the electrical signal measured by the sensor is the binding of
erythromycin to its conjugate antibody. The results of these
tests are illustrated in Fig. 2(a). The change in impedance can be
seen to directly correlate to the amount of analyte in the fluid
over a range of concentrations from 0.1 to 1000 ppt. At low
concentrations of the drug there are few bound erythromycin
molecules that are able to contribute to Eg, perturbations,
causing only minor changes to impedance values. As the
concentration of the antibiotic in solution increases there are
more molecules binding to the surface of the electrodes,
resulting in a larger impedance change. However as the anti-
body binding sites for erythromycin get saturated, further
increases in concentration do not contribute to changes in
impedance.”
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Fig.2 Dose response studies for erythromycin and spectinomycin in deionized water, drinking water, and river water. The data represented in the graph was obtained
from 3 independent replicates. The nanosensor calibration response for detecting erythromycin and its cross-reactivity to spectinomycin have been demonstrated.
Concentrations in the range of 1 x 1073 parts per trillion to 1 x 10 parts per trillion were tested on the nanosensor. (A) The lower limit of detection for erythromycin
was identified to be 0.1 ppt. The upper limit of detection was identified to be at 1 x 10° ppt. Below and above these limits, the sensor did not measure any significant
change in impedance to applied doses of erythromycin. The observed change in impedance was between 4 ohms and 172 ohms for erythromycin and between 2 ohms
and 24 ohms for spectinomycin. (B) The lower limit of detection for erythromycin was identified to be 0.1 ppt. The upper limit of detection was identified to be at 1 x
10% ppt. The observed change in impedance was between 17 ohms and 215 ohms for erythromycin and between 3 ohms and 34 ohms for spectinomycin. (C) The lower
limit of detection for erythromycin was identified to be 1 ppt. The upper limit of detection was identified to be at 1 x 10* ppt. The observed change in impedance was
between 6 ohms and 150 ohms for erythromycin and between 2 ohms and 41 ohms for spectinomycin.

After performing the control tests, the same range of erythro-
mycin concentrations prepared in bottled water and river water.
The results of these tests can be seen in Fig. 2(b) and (c). The trend
of these two experiments coincides with that of the previous test.
However the exact impedance values for the experimental samples
are slightly different, which may be attributed to the presence of
other substances. For instance, it has been found that bottled
water typically contains minute quantities of added ions such as
Cl7, Na', Ca’, and Mg". Although only slightly, these ions may
influence the resultant impedance measurements given by the
sensor.> The river water, on the other hand, will contain a large
quantity of organic matter that can interfere with erythromycin
binding and therefore lead to reduced sensitivity.”

The lower limit of detection (LOD) with deionized water and
bottled water was found to be around 0.1 ppt whereas the river
water samples showed a slightly higher limit of detection
around 1 ppt. The LOD from each type of water source was
established by first addressing the issue of noise. This was
estimated by identifying the electrical signal created as a result
of non-specific analyte (spectinomycin) interaction with the
functionalized antibodies on the electrode surface. The LOD
was then determined by locating the lowest erythromycin
concentration that resulted in a signal to noise ratio of at least
3 :1.”° The upper end of the dynamic range for the sensor in all
media types peaked between 1000 and 10 000 ppt. This
demonstrates a point of saturation where there are no addi-
tional unbound antibodies available on the sensor surface for
free erythromycin molecules to bind.

Although EIS was not able to distinguish antibiotic concen-
trations below 0.1 ppt, the sensor can still be applicable into the
1000's of ppt. When the samples get into the higher concen-
tration ranges, the changes in impedance between subsequent
samples are not as significant. However, the overall impedance
change is large enough to show that the concentration of
erythromycin is in a range unsuitable for drinking.
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Results for the cross-reactivity experiments performed with
spectinomycin are shown in Fig. 2. Compared with the
measurements associated with erythromycin, spectinomycin
showed negligible changes in impedance, which corroborates
the claim that the sensor is highly specific to erythromycin
detection. The changes in impedance seen with spectinomycin
can be attributed to the inherent noise of the system as a result
of having a concentrated fluid sample added to the sensing site.
Specificity of the sensor for erythromycin can be visualized
through the large separation of electrical signal that is apparent
when comparing the impedance changes associated with the
two antibiotics at the higher concentrations.

Conclusion

A number of studies have been conducted showing that
contamination of environmental and potable water with phar-
maceuticals and other chemicals is of serious concern. The aim
of this work was to devise a sensor that exhibits potential as a
reliable platform capable of detecting these chemicals in
various types of water samples. Our results indicate that the
integration of a nanoporous membrane, combined with EIS, is
an effective strategy for the identification of a wide range of
concentrations of erythromycin in water. The measured
impedance changes resulting from erythromycin binding on
the sensor indicate that there is a non-linear relationship
between sample concentration and the generated electrical
signal. Further computational analysis must be completed to
achieve linear transformation of the raw data.

Compared with current water analysis methods, this sensor
provides similar sensitivity but significantly reduces the time,
cost, and complexity associated with chromatography and mass
spectrometry techniques. The sensor described here has the
potential to be developed into a multiplexed device for the
highly sensitive and selective detection of water samples
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contaminated with various pharmaceuticals. Future work will
focus on modifying the sensor for identification of other phar-
maceutical contaminants as well as detection of multiple drugs
simultaneously.
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