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Nanochannel-based electrochemical sensor for the
detection of pharmaceutical contaminants in water

Vinay J. Nagaraj,a Michael Jacobs,b Krishna Mohan Vattipalli,b

Venkata Praveen Annamc and Shalini Prasad*b

Effective real-time monitoring is the key to understanding and tackling the issue of pharmaceutical

contamination of water. This research demonstrates the utility of an alumina nanochannel-based

electrochemical sensor platform for the detection of ibuprofen in water derived from various sources.

Our results indicate that the sensor is highly sensitive with a limit of detection at 0.25 pg mL�1. The novel

sensor described here has potential for application as a simple, rapid, inexpensive and highly reliable

method for real-time environmental water quality assessment.
Environmental impact

Pharmaceutical contaminants in fresh water systems pose a signicant threat to humans as well as the ecosystems to which they are exposed. The sensor
introduced in this manuscript reects an innovative technique for identifying the presence of trace amounts of ibuprofen, a common pollutant found in aquatic
environments. This technology demonstrates a quick and effective method for analyzing water samples not only at treatment plants but also out in the eld.
Real-time monitoring is the key to successfully maintaining the quality of water for safe public distribution and for the preservation of our local habitats.
Introduction

An investigation of several major streams by the United States
Geological Survey in the vicinity of agricultural and urban
communities revealed a widespread occurrence of pharmaceu-
tical contaminants in environmental fresh water samples.1 This
is a direct consequence of improper disposal of unused phar-
maceuticals and excretion of these compounds by humans and
livestock. Pharmaceuticals in the fresh water environment,
although present in trace amounts, are recognized as emerging
contaminants since their persistent exposure can adversely
affect human health and the environment. For example, preg-
nant women and children are at particular risk due to the
possible effects that pharmaceutical contaminants can pose to a
young child’s physical development.2 Plant, animal, and
microbial life are also adversely affected as a result of exposure
to water contaminated with these drugs.3

A frequently reported pharmaceutical contaminant found in
fresh water environments across the United States is a non-
steroidal anti-inammatory drug called ibuprofen.4 Current
analytical tools used to study the occurrence of ibuprofen and
other contaminants in environmental water samples involve
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liquid or gas chromatographic separation followed by quanti-
cation using a mass spectrometer. Depending on the starting
material, additional steps such as sample extraction, purica-
tion, concentration, and derivitizationmay be necessary prior to
analysis.5 This process lacks efficiency due to the inability of
being carried out in the eld. The sample needs to be trans-
ported to a well-equipped laboratory and analyzed by highly
skilled personnel. The entire process can be time consuming
and expensive. Constraints associated with the rapid evaluation
of large numbers of water samples limits the ability to routinely
check for pharmaceutical contaminants in the environment. A
eld deployable monitoring device for the real-time analysis of
water quality can have a signicant impact on the prociency
with which public water is examined. Sensors based on elec-
trochemical detection methods are particularly promising due
to their relative simplicity compared to chromatography/mass
spectrometry methods and can prove to be a direct, quick,
reliable as well as cost-effective analytical tool.6

Electrochemical sensors have been extensively used for the
detection of complex pharmaceutical and biological macro-
molecules such as proteins, nucleic acids, and glycans.7 When
these macromolecules interact with a bio-recognition element
on the electrode transducer surface, a measurable change in the
electrical current or potential may occur. However, a majority of
commonly found pharmaceutical contaminants in fresh water,
including ibuprofen, are relatively small molecules found in
trace amounts. The interaction of a small molecule with its bio-
recognition element (e.g. an antibody) may not provide a large
enough signal for detection at environmentally relevant
Environ. Sci.: Processes Impacts, 2014, 16, 135–140 | 135
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concentrations. To overcome this challenge and achieve lower
limits of detection, the use of sensor surfaces modied with
nanostructured materials such as nanowires, nanotubes, or
nanoparticles is becoming increasingly signicant.6

In this study, we explored the applicability of a sensor
surface integrated with nanochannels to enhance detection of
ibuprofen in various water samples. The nanochannels provide
a unique conned environment for the ibuprofen-specic
capture antibody to interact with ibuprofen molecules. When
the electrochemical immunoassay is performed in a high
density array of nanoscale spaces, an amplied signal is created
from the summation of numerous individual perturbations of
the electrical double layer, allowing for detection of these
molecules at lower concentrations.8 The sensor described here
has the potential to be widely implemented in environmental
monitoring systems for real-time, cost-effective water sample
analysis. The impact of this technology will not only help
protect our freshwater environments but also more closely
monitor water quality prior to public disbursement for human
consumption.
Materials and methods
Sensor design

The electrochemical sensor is comprised of three components
which can be seen in Fig. 1(a)–(c). These include a printed
circuit board (PCB) with a gold electrode sensing site, a nano-
porous alumina membrane, and a transparent polydimethylsi-
loxane (PDMS) manifold for uid connement. The PCB
contains two concentric circular gold electrodes, which consti-
tute the working and reference electrodes. An input/output
signal is transmitted to and from the electrodes through leads
that are connected to a potentiostat. A commercially available
Fig. 1 Electrochemical sensing platform: (A) printed circuit board with
electroplated gold working (W) and reference (R) electrodes. (B) PDMS
encapsulant for fluid confinement, (C) nanoporous alumina
membrane for molecular confinement, (D) nanochannels of 200 nm
diameter formed by overlaying an alumina membrane on gold elec-
trodes, (E) schematic representation of molecular interaction at the Edl
within each nanochannel, (F) Randle’s equivalent circuit, modified to
represent the non-faradaic electrochemical sensor; Rs: solution
resistance, Zw: Warburg element, Cdl: capacitive double layer corre-
lating to binding events happening on the sensor surface.
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nanoporous aluminamembrane (Anodisc –Whatman, NJ), with
a diameter of 13 mm and a thickness of 60 mm, is overlaid onto
the sensing site of the printed circuit board platform. This
membrane size was chosen because it completely covers the
gold electrode pattern on the sensing site. The pore diameter
was selected to be 200 nm because this size is large enough to
function as a scaffold, allowing diffusion of one or more anti-
body–ibuprofen complexes to form in each nanoscale space.
The interfacing of the aluminamembrane with themetallic PCB
electrodes resulted in the generation of a high density array of
nanoscale conned spaces, referred to as nanochannels.
Fig. 1(d) shows the three-dimensional rendering of a scanning
electron microscope image of a 200 nm nanoporous alumina
membrane. The third part of the sensor is the microuidic
manifold fabricated out of plasma treated PDMS. The elastomer
encapsulant was designed to regulate the ow of reagents and
conne them directly on top of the sensing site. The manifold
was adhered to the PCB platform using a UV curable adhesive
(Loctite – Westlake, OH).

Electrochemical immunoassay preparation

Ibuprofen detection is achieved by measuring the change in
electrical impedance that occurs as a result of binding of
ibuprofen molecules to their anti-ibuprofen conjugate anti-
bodies on the electrode surface. The rst step in preparation
of the immunoassay is the functionalization of anti-ibuprofen
antibodies to the gold sensor surface via a thiol-based linker
dithiobis succinimidyl propionate (DSP; Thermo Scientic –

Waltham, MA). A 10 mM solution of DSP was prepared in
dimethyl sulfoxide (DMSO; Fisher Scientic – Waltham, MA)
and added onto the sensing site via the inlet of the PDMS
manifold. Aer a 30 minute incubation at room temperature,
unbound DSP was removed by passing DMSO through the
interior of the manifold, followed by DI water. Next, the DSP
activated surface was incubated with 5 mg mL�1 of anti-
ibuprofen monoclonal antibodies (Abcam – Cambridge, MA)
at room temperature for 15 minutes in a phosphate buffer
saline solution. This amount of time was experimentally
determined to allow sufficient time for covalent conjugation of
the antibody to the linker via its ester groups.9,10 Any, excess
unbound antibody was washed off using DI water. Finally,
unbound linker molecules and unoccupied pores on the
sensing site were blocked using Super Block T-20 (Thermo
Fisher Scientic – Waltham, MA), which was also incubated
for a period of 15 minutes at room temperature. This step
helps to avoid any non-specic signal that could potentially be
generated by ibuprofen interacting with DSP or the electrode
surface. The total volume of each uid used in the immuno-
assay preparation, as well as for ibuprofen detection experi-
ments, was 100 mL.

Experimental protocol for ibuprofen detection

Ibuprofen sodium salt (Sigma Aldrich – St. Louis, MO) was
dissolved in deionized water, drinking water, and river water to
determine the sensitivity and specicity of the sensor using
each water source. DI water was distilled and deionized from
This journal is © The Royal Society of Chemistry 2014
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the city of Wichita municipal water supply using a MegaPure
MP6 purication system (Corning – Corning, NY). Commercial
drinking water (Kroger Co, Cincinnati, OH) was puried using
reverse osmosis ltration from a municipal source prior to
bottling. River water samples were collected from the Arkansas
River in Wichita, KS. This water was ltered through a 0.22 mm
lter prior to use in experiments. A stock solution of 1 mg mL�1

ibuprofen was made in each of the three water samples and
then further diluted to 0.001, 0.05, 0.25, 0.5, 1, 250, 1000 and
10 000 pg mL�1.

Following the last immunoassay preparatory step, a water
sample containing no ibuprofen was injected onto the antibody
functionalized sensing site to determine a “baseline” imped-
ance value using the potentiostat. Aer removal of the water, the
lowest concentration of ibuprofen was applied to the sensor and
allowed to incubate for 15 minutes at room temperature.
Impedance measurements were again made via the potentio-
stat. The sensor was then ushed with DI water to remove all
remnants of the sample. The next higher concentration of
ibuprofen was introduced onto the same sensor and the process
was repeated until the highest dilution was reached. Fig. 1(e)
shows a detailed cross section of the mechanism of detection
using the electrode functionalized immunoassay. Analysis of all
concentrations of ibuprofen was repeated on three independent
sensors for each water sample. In order to determine the
specicity of the sensor for ibuprofen, diclofenac sodium salt
(DSS; Sigma Aldrich – St. Louis, MO) was diluted in all three
water samples and evaluated using an identical procedure to
the ibuprofen sample testing.
Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was the strategy
used to identify the drug ibuprofen in various water samples.
This technique has been widely used in electrical biosensors for
detecting various analytes.11,12 EIS works by applying a small AC
voltage to the electrodes and measuring the resultant current.
The impedance is then calculated by the ratio of these sinu-
soidal forms of current and voltage.13 Using a Reference 600®
potentiostat (Gamry Instruments – Warminster, PA), a 10 mV
AC voltage was applied to the electrodes with frequencies
ranging from 50–1200 Hz. The input potential functioned as the
electrical stimulus to direct the charged biomolecules onto the
surface of the electrodes. The applied voltage is kept low to
maintain a pseudo-linear system while at the same time pre-
venting the denaturing of sensitive biomolecules.14 The
frequencies utilized in the experiment were chosen because
below 50 Hz, the impedance measurement is largely inuenced
by the diffusion of ions. Above 1200 Hz, the measured imped-
ance is dominated more so by the resistance of the solution (Rs).
A reliable impedance measurement must be completely based
on the changes associated with the capacitive nature of the
electrical double layer (Edl). When a molecule binds to the
electrode surface it disturbs the charged layer, creating changes
to the electrical double layer. This alteration in charge distri-
bution results in a measurable change in impedance.15 The
perturbations at the Edl occur within the rst 50 nm of the
This journal is © The Royal Society of Chemistry 2014
electrode/solution interface. Fig. 1(f) shows the representative
equivalent circuit model for the system. This modied Randles
circuit illustrates a non-faradaic form of impedance spectros-
copy, as there is no redox probe. The lack of a redox probe, as
well as molecular labels, generates a much simpler platform for
small analyte detection.16
Results and discussion

The research presented here involves the development of an
electrochemical sensor platform that integrates nanochannels
onto a sensing surface to enhance detection of trace quantities
of ibuprofen in various water sources. Sensors that incorporate
nanomaterials into their device have shown potential in
improving the detection capabilities of biosensors.6 We have
previously found that sensor surfaces modied with nano-
channels have superior performance in terms of sensitivity and
selectivity for the detection of biomarkers.10 Here, we explored
the utility of electrochemical immunoassays within nano-
channels for improved detection of a common pharmaceutical
contaminant in fresh water environments.
Role of nanochannels

In order to demonstrate improved detection capability using
nanochannels, performance of the sensor platform was tested
with and without the porous alumina membrane. The
comparative study was conducted using deionized (DI) water
samples containing concentrations of ibuprofen ranging from
100 fg mL�1 to 1 mg mL�1. The impedance values measured at
each frequency in the sweep were evaluated by computing the
changes seen between each increasing concentration. It was
determined that 100.4 Hz was the optimum frequency for
analysis because it provided the largest change in impedance
between the 100 fg mL�1 sample and the pure DI water sample.
The data illustrating the resultant impedance across a range of
frequencies can be seen in Fig. 2(a).

The binding of ibuprofen molecules to their antibody
conjugates on the electrode surface can be characterized by a
decrease in measured impedance as the concentration of
ibuprofen in the sample increased. Impedance measurements
taken with untaintedmedium lacking the drug were assigned as
the “baseline”measurement with which to compare impedance
values corresponding to concentrated doses. The calculated
impedance difference from the baseline measurement to the
concentrated sample measurement was identied as the
change in impedance.17 With each sample containing a greater
amount of the target analyte, the representative impedance
change correlating to that sample was greater compared to the
lower concentrations. The graph in Fig. 2(b) demonstrates this
trend for both sensors in the comparative study.

Fig. 2(c) shows the change in impedance represented as a
percent change in impedance between the baseline and each
pre-concentrated water sample. The data illustrates that the
sensor without the alumina membrane interface did not yield a
signicant change in impedance from the baseline until the
concentration of ibuprofen rose to at least 10 pg mL�1. The
Environ. Sci.: Processes Impacts, 2014, 16, 135–140 | 137
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Fig. 2 Sensor response for detection of ibuprofen in DI water. (A) Representation of impedance values over the scanned frequency range from
1 Hz to 1200 kHz for the baseline and 1 ng mL�1 sample concentrations. (B) The change in impedance calculated for serially diluted concen-
trations of ibuprofen in DI water. Nanochannel sensor surface shows an amplified signal response in comparison to the platform without the
membrane. (C) Change in impedance represented as a percent change in impedance from the baseline.
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nanochannel-based sensor, on the other hand, was able to
identify an altered impedance signal between the lowest
ibuprofen concentration and the pure medium. The graph also
shows that the nanochannel-based sensor generates an ampli-
ed electrical signal throughout the experiment compared to
the sensor lacking the alumina membrane. The enhanced
sensitivity of detection observed in the nanochannel-based
sensor platform can possibly be attributed to the theory of
nanoconnement. Diffusion of these small molecules into the
small space offered by the nanochannel simulates the conned
volume of the cell, where biochemicals are known to be stable
and interactive.18,19 Each of these nanochannels helps to
improve the mobility of ibuprofen molecules to the surface of
the antibody-functionalized electrodes. A greater number of
ibuprofen molecules interacting with their capture antibody
will result in a large number of individual capacitive changes
due to charge perturbations at the Edl within each space. The
collective summation of these signals allows for visible changes
in electrical signal based on molecular interaction at the elec-
trode interface. The correlation between nanochannels and the
theory of nanoconnement for biological sensing applications
has been previously demonstrated in our prior work.8,10
Ibuprofen detection

To demonstrate the applicability of the sensing device, analysis
of different water sources containing the target drug was ach-
ieved. Detection of ibuprofen was rst tested in a pH neutral
environment using DI water as the medium. Pre-concentrated
samples of ibuprofenwereprepared,withdilutions ranging from
1 fg mL�1 to 10 ng mL�1. Five impedance measurements were
taken for each of these concentrations, and three independent
experiments were completed with separate, unused sensors to
identify any deviation between tests. A graphical representation
of the data can be seen in Fig. 3(a). The difference in impedance
was represented as a percentage change from the baseline. A
notable change in impedance could be seen starting from the
0.25 pg mL�1 sample. As Fig. 2(c) previously demonstrated, the
change in impedance continues to be more substantial as the
concentration of the drug increases. This can be directly attrib-
uted to the amount of binding occurring at the Edl.20
138 | Environ. Sci.: Processes Impacts, 2014, 16, 135–140
In addition to the DI water trials, ibuprofen diluted in
drinking water was also examined. These dilutions were
prepared over the same range of concentrations, from 1 fg mL�1

to 10 ng mL�1. Again, baseline impedance measurements were
collected for an untainted drinking water sample. Fig. 3(b)
displays the percent change in impedance with increased
concentrations of ibuprofen in drinking water. When
comparing the lower limits of detection in Fig. 3(a) and (b), it is
evident that a signicant change in impedance was again seen
at the 0.25 pg mL�1 concentration. However, over the course of
the experiment, the drinking water samples display lower
overall impedance changes compared to the tests using DI
water. This could possibly be attributed to the presence of salts
that are commonly added to commercial drinking water.
Certain salts can actually interfere with a proteins ability to
interact appropriately with other molecules.21

Since the goal of this work is to demonstrate a platform for
monitoring environmentalwater samples, riverwater containing
the same range of ibuprofen concentrations was analyzed with
the sensor. Apart from basic ltering, river water was not pro-
cessed in any other way before the analysis of ibuprofen on the
sensor. Fig. 3(c) details the results from these trials. The lower
limit of detection can again be seen around the 0.25 pg mL�1

concentration. Interestingly though, the change in impedance
seen for ibuprofen concentrations in riverwater are greater when
comparing equivalent doses in the other mediums. One major
factor that can alter themolecular interaction on the sensing site
is the slightly decreased pHof river. Also, the presence of organic
and inorganic matter may inuence the binding of ibuprofen to
its antibody as well as contribute to the electrical signal.15,21 Pre-
processing of river water to removemolecules that interfere with
detection may help to obtain more accurate results.

The overall outcome of the water screening experiments
indicates the excellent potential of the sensor for detection of
pharmaceutical contaminants in environmental samples.
Sensor specicity

The sensor’s ability to distinguish ibuprofen from other mole-
cules was tested using a chemically similar molecule. By
analyzing concentrations of DSS with the same immunoassay
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Sensor response for detection of ibuprofen and DSS in (A) DI water, (B) drinking water, and (C) river water. Results show specificity of the
sensor toward detection of ibuprofen, which is demonstrated by the damped signal response observed when the DSS samples are added to the
sensor. Error bars represent standard error of the mean for n ¼ 3 replicates on independent sensors for each water source.
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preparatory setup, any possible cross-reactivity that may exist
will become apparent. Also, by evaluating the amount of signal
created in these experiments, it is possible to identify the noise
of the system that is attributed to non-specic molecular
interaction on the electrode surface.22 Figure panel 3 shows the
plots representing the sensor performance in detecting
ibuprofen and DSS from DI water, drinking water, and river
water, respectively. The DI water and the river water show very
little impedance change generated from cross-reactivity of DSS
with the ibuprofen capture antibody. This not only demon-
strates feasibility of the sensor to specically detect ibuprofen
in these two mediums, but it also shows that the signal
produced in the river water is not attributed to interference by
particulate matter. Some signal is generated at higher concen-
trations of DSS but this interaction is inevitable due to the large
number of molecules settling on top of the antibody-function-
alized electrodes at the bottom of the nanochannels. The
drinking water, however, displays a considerable amount of
impedance change compared to the other two mediums. This
could possibly be attributed to the greater number of ions found
in drinking water. The higher concentration of ions could be
increasing the amount of charge transfer within the system.23

Although the drinking water samples displayed issues with non-
specic binding, the sensor showed viability as an environ-
mental water monitoring device by specically detecting
ibuprofen in river water.

Conclusions

The sensor presented in this paper has shown feasibility as a
platform capable of identifying trace quantities of pharmaceu-
tical contaminants in different water sources. The sensor was
successful at demonstrating improved detection by combining
the strategies of electrochemical impedance spectroscopy and
nanochannel integration. Increased sensitivity of the sensor can
be credited directly to the nanochannels, as demonstrated by
the comparison study without the alumina membrane. Nano-
channels provide the ideal space for interaction between the
antibodies and their target ibuprofen molecules. The collective
signal produced from the sum of the reactions occurring in the
nanochannels provides the amplied electrical signal generated
throughout the range of sample concentrations.
This journal is © The Royal Society of Chemistry 2014
In order for a technology to be employed as a water quality
assessment tool in the eld, it would be necessary for the device
to give results quickly as well as demonstrate sensitivity, selec-
tivity, reliability, low cost, and ease of use. The nanochannel-
based sensor was able to detect the presence of ibuprofen in a
100 mL sample within 15 minutes, without the use of a redox
probe or molecular tags. These advantages result in lower cost,
lower volumes, and the ability to rapidly screen multiple
samples. Also, these preliminary tests show that the limits of
detection achieved with this sensor are lower than the existing
method of liquid/gas chromatography coupled with mass
spectrometry.24 Signicant specicity was apparent as well. The
cross-reactivity studies showed that the sensor’s output signal is
very low when molecules other than ibuprofen are found in the
medium. This was especially evident when the sensor was used
in the analysis of water directly from the environment.

Contrary to the existing technologies of water quality assess-
ment, which are conned to a laboratory environment, this
sensingplatformcanbemadeportable. The ability to take sensor
devices out of the laboratory and into the eld would allow for
greater efficiencywhen testing for possiblewater contamination.
The other aspect of this technology that is being further inves-
tigated is the ability of multi-plexed detection. Screening for
multiple types of contaminants simultaneously from the same
sample would greatly improve effectiveness and speed of overall
water quality evaluation. Although additional research is needed
to make the sensor more procient at fully analyzing water
samples, preliminary studies show its feasibility as a sensitive,
reliable, and cost-effective tool for identifying trace quantities of
specic pharmaceutical contaminants in water samples.

Acknowledgements

BernardoChavira,MorganZingsheim, andAnjanPanneer Selvam
for technical help with experiments andmanuscript preparation.

References

1 D. W. Kolpin, et al., Pharmaceuticals, Hormones, and Other
Organic Wastewater Contaminants in U.S. Streams, 1999–
2000: A National Reconnaissance, Environ. Sci. Technol.,
2002, 36(6), 1202–1211.
Environ. Sci.: Processes Impacts, 2014, 16, 135–140 | 139

http://dx.doi.org/10.1039/c3em00406f


Environmental Science: Processes & Impacts Paper

View Article Online
2 A. C. Collier, Pharmaceutical contaminants in potable water:
potential concerns for pregnant women and children,
EcoHealth, 2007, 4(2), 164–171.
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