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Vasopressin is an indicating biomarker for blood pressure in the human body and low vasopressin levels
can be indicative of late-phase hemorrhagic shock or other traumatic injuries. In this paper we have
developed an aptamer-based label-free microfluidic biosensor for the electrochemical detection of vaso-
pressin. The detection area consists of aptamers immobilized on carbon nanotubes which specifically

capture the vasopressin molecules in solution resulting in changes in conductivity across the sensor. We

Keywords:
Biosensor
Aptamer
Vasopressin
Carbon nanotube

report a limit of detection of 43 pM in standard solutions and demonstrate high detection specificity
toward vasopressin when different interferents are present. The miniaturized microfluidic biosensor
offers continuous monitoring of different vasopressin levels with good potential for portability. Ulti-
mately such a system could serve as a point-of-care diagnostics tool for patients with excessive bleeding
when standard medical infrastructure is not available.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Biomarkers are biological indicators whose levels vary when the
physiological state of a biological system changes, often in response
to a specific disease or infection state [1-6]. Such measurable
biomarkers have been linked, among other things, to diabetes [7],
cardiovascular disease [8], influenza [9], and various organ dysfunc-
tions [10]. Therefore the development of diagnostic devices that
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can monitor biomarkers in a point-of-care setting is of paramount
importance for disease diagnosis and treatment.

Recent advancements in lab-on-a-chip and microfluidic tech-
niques have improved the accessibility of biomarker detection
systems by requiring lower sample volumes, increasing the anal-
ysis speed and response time, allowing for massive parallelization
for high-throughput analysis, and reducing the cost of fabrication
of biosensors [11,12]. For example, electrochemical biosensors for
evaluating blood glucose levels using the enzymatic oxidation of
glucose in solution are well established and particularly important
in fighting diabetes [13]. Lateral flow or immunochromatographic
strip that tests for the detection of either antigens or antibodies
of different viruses, such as human immunodeficiency virus (HIV)
[14], hepatitis B virus (HBV) [15], and dengue virus [16], have been
successfully implemented for use in the developing world over the
past decade.
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In addition, recent developments in nanotechnology and related
biotechnological applications have greatly promoted the miniatur-
ization and integration of diagnostic devices with high sensitivity
and specificity. For example, Stern et al. [17] has developed a
label-free nanosensors in which a microfluidic purification chip
simultaneously captures multiple biomarkers from blood samples
and releases them into purified buffer for sensing using a sili-
con nanoribbon detector. Moreover, Wang et al. has demonstrated
detection sensitivity at attomolar levels for protein tumor biomark-
ers in a variety of clinically relevant media with a linear dynamic
range of over six orders of magnitude in a matrix-insensitive
assay composed of a number of individually addressable magnet-
nanosensors [18].

While this progress has been impressive, the application of these
devices to diagnosing traumatic injuries has been limited [19].
Hemorrhagic shock for example is the number one cause of pre-
ventable death in military battlefield situations. Progression to late
phase hemorrhagic shock due to prolonged hypotension is known
to be indicated by a marked decrease of plasma vasopressin levels
[20-22]. Vasopressin, a nine-amino acid peptide hormone, plays
a key role in increasing peripheral vascular resistance, which in
turn increases arterial blood pressure. Therefore, vasopressin can
represent a suitable biomarker, indicative of cases where a patient
who has experienced a significant traumatic injury has progressed
to hemorrhagic shock. Most of vasopressin assay kits which are
currently available on the market are either enzyme immunoas-
say (Arg-Vasopressin EIA kit; Assay Designs) or enzyme-linked
immunosorbent assay (Arg-Vasopressin ELISA kit; Abnova) types.
Quantification of vasopressin using such assays involves delicate
sample preparation, sample extraction and reagent preparation
that precede optical-based assay procedures in a laboratory setting.
These methods are not easily adapted to emergency medicine situ-
ations or low resource environments. A simple and portable device
that can rapidly monitor vasopressin could therefore enable more
rapid determination of a patient’s baseline health and survivability.

For that purpose, we have investigated promising recent devel-
opments in aptamer and carbon nanotube bio-sensing applications.
Aptamers are short and stable single-stranded oligonucleic acid
molecules that have been widely employed for specific bind-
ing to target molecules such as amino acids, drugs, and proteins
[23-25]. Due to low nuclease degradation in the bloodstream,
aptamers possess two significant advantages over other biore-
ceptors, namely high stability and specificity. A bioactive and
nuclease-resistant aptamer specific for vasopressin, in the form of
a fifty five-nucleotide single-stranded DNA spiegelmer, has already
been reported in the literature [26-28]. The binding between
aptamer and vasopressin can be transduced to a readable signal via
different approaches in aptamer-based biosensors [29-32], how-
ever electrical transduction is often preferred due to the relative
ease with which it can be measured and integrated with modern
electronics [33-41].

Owing to their excellent electrical conductivity and chemical
stability, carbon nanotubes (CNTs) show great potential in the
development of advanced electrical biosensors [42,43]. The CNTs
can be modified to function as carriers for electrical bioreceptors
such as aptamers, offering an efficient platform to capture target
molecules [44]. Since a single biomolecule present on or near the
surface of a CNT, can alter the CNT’s electronic properties through
charge transfer, CNTs are very versatile for the design of new highly
sensitive and selective biosensors for probing DNA, proteins and
enzymes with different conductance properties. For example, CNTs
were applied into aptamer-based biosensors to achieve 10 nM limit
of detection of thrombin [45].

Toward the goal of developing a portable point-of-care diag-
nostic device for electrochemical monitoring of vasopressin,
we present here an aptamer-based carbon nanotube biosensor

integrated within a microfluidic system. The biosensor takes advan-
tage of changes in conductivity caused by vasopressin binding on
the aptamer-modified carbon nanotubes which are then converted
to a changes in measureable current. The miniaturized device is also
shown to continuously monitor changes in vasopressin concentra-
tion, which demonstrates the possibility of real-time detection of
target molecules in a circulatory system. Finally, we demonstrate
the electrochemical monitoring of vasopressin from standard solu-
tions and sheep serum with a limit of detection (LOD) of 43 pM,
on the same order of magnitude as the physiological level of
vasopressin in the bloodstream which has been found to be approx-
imately 6 + 3 pM for healthy individuals and 52 4 30 pM for patients
with sepsis [46].

2. Materials and methods
2.1. Reagents and materials

Arginine vasopressin with Cys-Tyr-Phe-GIn-Asn-Cys-Pro-Arg-
Gly-NH, sequence and lypressin with Cys-Tyr-Phe-Gln-Asn-Cys-
Pro-Lys-Gly-NH, sequence were purchased from American Pep-
tide Company Inc. Aptamer, 55-nt single-stranded DNA pool
synthesized with the sequence 5'-TCACGTGCATGATAGACGGC
GAAGCCGTCGAGTTGCTGTGTGCCGATGCACGTGA, was ordered
from Integrated DNA Technologies Inc. COOH-functionalized
multiwall carbon nanotubes were obtained from Cheap Tubes Inc.
N-hydroxysuccinimide (NHS) and Sodium dodecylsulfate (SDS)
were purchased from MP Biomedicals LLC, while 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) was purchased from
Geno Technology, Inc Sheep Serum was obtained from Valley
Biomedical Inc. and human serum albumin (HSA) was purchased
from Sigma-Aldrich Co.

2.2. Apparatus

2.2.1. Patterning of CNTs and gold electrodes on silicon wafer

Fig. 1A shows the fabrication process for the microfluidic biosen-
sor system. In this design CNTs were immobilized between two
lithographically patterned gold electrodes with a gap of 10 pum. This
gap was chosen for the CNT pattern because initial experiments
have demonstrated increased sensitivity with decreasing gap in the
10-50 pwm range. First a 4-in. silicon wafer was cleaned and oxi-
dized in hot piranha solution in order to generate hydroxyl groups
on its surface. Microposit S1805 Photo Resist was than spin-coated
on the silicon wafer surface and the CNT pattern was created using
standard photolithography. The silicon wafer was then treated in a
Molecular Vapor Deposition Tool (MVD 100), undergoing a 15 min
(3-aminopropyl)trimethoxysilane (APTMS) deposition in order to
form an amine group monolayer on the wafer surface. Carbon nano-
tubes dispersed in 0.5% SDS solution (0.1 mgmL~1) were pipetted
on APTMS-treated CNT pattern and allowed to immobilize on the
surface at room temperature for 3 h [47]. Subsequently, the wafer
was oven-baked overnight at 80°C.

The gold electrodes were patterned using a standard LOR3A
lift-off process. The patterned CNTs were aligned with the gold elec-
trode pattern and 5 nm chromium/60 nm gold were deposited on
the wafer using an e-Beam Evaporator. Following the evaporation,
the wafer was diced into 5cm x 5 cm pieces (Fig. 1B).

2.2.2. Fabrication of patterned microchannels on
polydimethylsiloxane (PDMS)

SU-8 2050 Permanent Epoxy Resist was spin-coated on a 4-
in. silicon wafer. The resist-coated wafer was exposed to UV light
under the shield of the microchannel pattern-designed photomask
in an ABM Contact Aligner. The wafer was developed in SU-8
Developer for a few minutes. The mixture of 50g PDMS and 5g
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Fig. 1. (A) Schematic of fabrication process of aptamer-based microfluidic biosensor; (B) a photo picture of microfluidic device; and (C) chemical structures of aptamer (left)

and vasopressin (right).

curing agent was filled in a Petri dish containing the wafer with
the microchannel pattern and was degassed in vacuum for 15 min,
followed by baking in oven at 80°C for 3 h. The microchannel-
patterned PDMS pieces were cut out after PDMS solidification.

2.2.3. Surface modification of patterned CNT on silicon wafer

The core of the sensing device is the signal-transducing car-
bon nanotubes with aptamer surface modification, which are
amine-terminated fifty-five base oligonucleotides with a cyclic
structure (Fig. 1C, left). It allows the tight binding of specific target,
vasopressin molecules (Fig. 1C, right). Before the aptamer immo-
bilization, a mixture of 0.4M EDC and 0.1 M NHS in 1:1 volume
ratio was pipetted on the CNT-immobilized pattern of the sensor.
The mixture droplets were maintained on the pattern for 3h at
room temperature in order to create an EDC/NHS activation layer
on which aptamers can effectively be immobilized [44]. Subse-
quently, the sensors were cleaned with DI H,O wash and N, dry.
Aptamer solution at 1 wM concentration was then pipetted on the
EDC/NHS-modified CNTs and maintained for 24 h at room tempera-
ture for immobilization. The aptamer-modified sensors were once
again cleaned with DI H,O0 wash and N, dry. For both NHS/EDC
and aptamer modifications, 1.5 pL of solution droplet was used per
sensor to cover its detection area entirely. To prevent the prema-
ture drying of the droplets, the sensors were kept in a humidified
chamber.

2.2.4. Device assembly

One silicon wafer piece (3cm x2cm) contains three CNT-
gold electrode pairs for multiple measurements in parallel. Holes
were perforated in the microchannel-patterned PDMS piece on

the inlet and outlet parts of microchannels. The CNT-gold elec-
trodes on aptamer-conjugated silicon wafer were aligned with the
microchannels by optical microscopy. PDMS-wafer integration set-
up was tightly sandwiched into two poly(methyl methacrylate)
(PMMA) clamps with screws (Fig. 1B).

3. Results and discussion
3.1. SEM characterization of patterned CNTs

The technology behind nanoscale conducting materials such as
semiconductor nanowires is well developed. However because of
sophisticated laboratory fabrication processes and device-specific
techniques for nanowire assembly, the development of nanowire
sensors with desired electrical properties is still challenging.
Incorporating a modified CNT surface between lithographically
patterned electrodes is a simple and robust method of fabricating
such sensors. Here, the patterned CNT area is 410 wm x 300 wm,
which covers the gap between two gold electrodes (Fig. 2A). In
this design, one biosensing chip contains three CNT-gold elec-
trode pairs connected to the corresponding contact pads (Fig. 1B),
which can take multiple sample measurements in parallel. The
immobilized CNTs show excellent stability on the silicon wafer
surface due to the amide bonding with APTMS when compared
to physical adsorption. The outer diameter and length of CNTs
are 8-15nm and 10-50 wm respectively, offering the total sur-
face area of 0.25-2.36 wm? for each CNT. The aptamer modification
on the CNT surface was successfully confirmed by fluorescence
microscopy after the incubation of fluorescent dye-labeled vaso-
pressin on the aptamer-modified CNT surface. APTMS monolayer
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Fig. 2. (A) Optical image of carbon nanotube-patterned gold electrodes; (B) enlarged optical image of carbon nanotube distribution on the gold electrodes and gap; (C)
scanning electron microscopic image of carbon nanotube distribution on the gap of gold electrodes; and (D) enlarged SEM image of carbon nanotube morphology.

deposition induced uniform distribution of CNTs, which allowed
the flowing vasopressin-containing fluid to be fully in contact
with aptamers on the surface allowing for maximum capture. The
method developed here to assemble CNTs into the device struc-
ture is both rapid and robust with excellent reproducibility, which
gives it an advantage over other more sophisticated methods such
as chemical vapor deposition technique [45].

3.2. Sensitivity measurement of vasopressin detection in
standard solutions

The current before and after vasopressin introduction into the
detection system were measured and compared (Fig. 3A). The
decrease ratio was calculated to be 4.18 £ 0.61% and it was found to
be closelyrelated to the captured amount of vasopressin in solution.
Since there is some variation in conductivity along the patterned
CNTs between different devices, the relative conductivity decrease
ratio, instead of the absolute conductivity decrease, is a more
appropriate indicator of detection performance for the biosens-
ing device. Fig. 3B shows the calculated current decrease ratios
in the microfluidic biosensor system at different concentrations of
vasopressin in solution. The background noise is indicated by the
decrease ratio of the negative control experiment (0.23 +0.02%)
and can be employed to differentiate vasopressin solutions at
concentrations lower than 100 pM. The negative control experi-
ment was done using standard buffer solution without vasopressin.
This achievable detection sensitivity in the current platform is
similar to that of traditional vasopressin immunoassays and also
comparable to the results of other biomarker detection on elec-
trochemical nanosensors [48,49]. The volume of the microchannel
overlapping the patterned CNTs for vasopressin detection is cal-
culated to be 9nlL, given that the fabricated microchannel depth
is 75 um and the patterned CNT area is 0.12mm? (Fig. 2). The
resultis equivalent to direct recognition of around 900 zeptomole of
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vasopressin in the label-free electrochemical detection. Detection
of even smaller amount of vasopressin in solution is limited by the
vasopressin-aptamer dissociation constant and Langmuir adsorp-
tion isotherm [27,50]. Limit-of-detection (LOD) for vasopressin in
aptamer-based microfluidic biosensor is derived to be 43 pM from
the linear relationship in the inset plot of Fig. 3B. The LOD in this
case is the smallest vasopressin concentration that give a current
decrease higher than the background noise. This LOD is of the same
order as physiological concentration of vassopressin in humans. In
a clinical study, Jochberger et al. revealed that although the plasma
vasopressin concentration of healthy individuals is approximately
6+ 3 pM, the concentration for patients with sepsis is 52 +30 pM
[46]. The higher vasopressin concentration for patients for patients
with sepsis is observed as their body attempts to reverse hypoten-
sion through the release of vasopressin. The late-phase HS which
our biosensor aims to treat occurs when such attempts by the body
fail, resulting in the drop of vasopressin concentrations from the
unusually high levels. Therefore, plasma vasopressin concentration
of interest is expected to be high initially (52 + 30 pM), and the key
for detecting the targeted disease is to detect a drop in vasopressin
concentration from this initial value.

3.3. Specificity measurement of vasopressin detection in standard
solutions

The developed biosensor’s specificity for vasopressin was tested
by examining its detection performance in complex serum contain-
ing two different interferents: HSA and lypressin. HSA is the most
abundant protein in human body fluids and therefore specificity
of our biosensor against HSA is crucial for our goal of monitoring
plasmavasopressin without sample purification. On the other hand,
lypressin has remarkably similar chemical structure to vasopressin.
Although lypressin is a non-endogenous family of vasopressin that
is found naturally in pigs [51], demonstration of our biosensor’s
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Fig. 3. Electrochemical detection of vasopressin standard solutions in aptamer-based microfluidic biosensors: (A) electrochemical signals measured before and after the
introduction of vasopressin into the detection system and (B) calculated decrease ratios from measured electrochemical signals plotted against different vasopressin con-
centrations. The inset plot is the linear relationship between the signal decrease ratios and low vasopressin concentrations for limit-of-detection calculation. The error bars

were calculated from three replicates.
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Fig. 4. Specificity measurement of vasopressin detection in aptamer-based
microfluidic biosensors. The error bars were calculated from three replicates.

affinity for vasopressin over lypressin is strongly desired in order
to demonstrate high sensor specificity. The specificity testing of the
sensor was carried out in a standard solution that contained equal
concentrations (1 mM) of HSA, arginine vasopressin and lypressin.
As shown in Fig. 4, 1 mM vasopressin produced the largest current
decrease ratio over background levels (about 4%). This is approxi-
mately 4-fold higher than that observed for lypressin and 12-fold
higher than for HSA. Non-zero decrease ratios for the interferents
could be the result of their non-specific binding to the aptamers.
Furthermore, the higher decrease ratio for lypressin as compared to
that of HAS could be attributed to lypressin’s chemical resemblance
to vasopressin that enables its partial conjugation to the aptamer.
Although 1 mM vasopressin far exceeds plasma vasopressin con-
centration which is in the order of pM, HSA and lypressin have also
been used at concentrations that exceed their known plasma lev-
els. Lypressin, as mentioned, is a pig vasopressin that should not
be present in human plasma, whereas the appropriate concentra-
tion for HSA is 0.6 mM [52]. Therefore, our preliminary results from
the specificity test demonstrate the sensor’s potential to monitor
vasopressin in the presence of various interferents.

3.4. Continuous monitoring of vasopressin at different levels

Real-time electrochemical monitoring of target analytes in a
point-of-care setting has recently been demonstrated for small-
molecule drug cocaine [53], multidrug-resistant pathogens [54],
and H1NT influenza virus [55]. Here, we were able to demonstrate
the ability of our biosensor to continuously monitor vasopressin
concentrations in solution. The sensor’s amperometric response
was recorded by varying the vasopressin sample concentration.
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First, as shown in Fig. 5A the samples were introduced into the
microfluidic system in order of increasing concentration. Then, as
shown in Fig. 5B, the experiment was repeated with vasopressin
samples introduced in order of decreasing concentration. Each
solution was injected over the sensor for 10 s and the detection area
was cleaned of vasopressin in between by injection of 0.01 M PBS
solution for 10s. The response of the sensor to changes in vaso-
pressin concentration was found to be almost instantaneous. As
expected, higher concentrations of vasopressin resulted in higher
decrease in current. It can be inferred that the higher concentra-
tion of vasopressin injected over the aptamer-modified CNTs led to
more vasopressin molecules binding at the immobilized aptamers.
As discussed previously, this represents the loss of electron carri-
ers on CNTs which was transduced to a decrease in current in our
experiment. The binding affinity of the aptamer on the sensor’s
detection area should theoretically be constant under the same
experimental conditions, which was demonstrated by the fact that
current change due to the flow of a specified concentration of vaso-
pressin was nearly the same for a given sensor.

3.5. Microfluidic biosensor performance in sheep serum samples

Serum is a very complex biological system that comprises
among other things proteins, electrolytes, antibodies, antigens
and hormones. As discussed previously, current vasopressin kits
require complicated sample purification procedures in order to
achieve the highest sensitivity possible. In order to demonstrate our
sensor’s potential to detect vasopressin within un-treated serum
samples with sensitivity comparable to that of vasopressin assays,
the sensors were tested in sheep serum. As shown in Fig. 6, vaso-
pressin concentrations in serum ranging from 100nM to 1 mM
were detected, which confirms the capacity of the system to achieve
detection at concentrations as low as 100 nM. The complicated
serum composition imposes obstacle for the direct measurement
of vasopressin without pretreatment. The electrolytes inside the
serum act to neutralize the negative charge of the aptamer, which
would partially impair the affinity of the aptamer loop struc-
ture. Further biosensor optimization and simple pretreatment of
serum samples in the whole microfluidic system could significantly
improve the detection sensitivity and specificity of the portable
device for fast diagnosis.

3.6. Temperature effect on vasopressin detection
The reversible binding between aptamer and vasopressin is

reportedly temperature dependent [26,27]. Ky, the dissociation
constant of the aptamer-vasopressin complex is slightly higher
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Fig. 5. Continuous monitoring of different vasopressin levels in aptamer-based microfluidic biosensors: (A) 100 nM, 10 wM, and 100 wM (increasing concentration trend)

and (B) 1mM, 10 uM, and 1 wM (decreasing concentration trend).
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Fig. 6. Electrochemical detection of vasopressin-containing sheep serum in
aptamer-based microfluidic biosensors. The error bars were calculated from three
replicates.

1.8

1mM
1.5

1.2

0.9

0.6

Decrease ratio (%)

0.3

0.0

RT(20'C) Body (38 C) 60 C

Fig. 7. Temperature effect on detection of vasopressin-containing sheep serum in
aptamer-based microfluidic biosensors. The error bars were calculated from three
replicates.

at room temperature as compared to body temperature, which
strengthens the binding capability between aptamer and vaso-
pressin and improves the detection performance as shown in Fig. 7.
Increase in temperature can raise the measured Ky value, with the
magnitude of the shift dependent on the thermodynamics of bind-
ing between DNA aptamers and molecular target system. Therefore,
body temperature is optimal temperature for sensing because of
increased van der Waals interactions and hydrogen bonding at
the complex interface between vasopressin and aptamer. When
the temperature approaches 60°C, the disulfide bridge in vaso-
pressin structure becomes chemically unstable which destroys the
integrity of the vasopressin structure, resulting in the termina-
tion of vasopressin—aptamer binding. Thermally activated release
of captured vasopressin reverses the biosensors back to the origi-
nal state, which offers an opportunity for the repeated use of the
device.

4. Conclusion

We demonstrated an electrochemical aptamer-based microflu-
idic biosensor for vasopressin detection with high sensitivity and
specificity in standard solutions and sheep serum samples. The
binding between vasopressin and aptamer depletes electron car-
riers on the CNT surface and reduce the local charge field resulting
in a current decrease through the sensor. The miniaturization of
device offers an opportunity to conduct biomarker detection from
atrace amount of body fluids with high efficiency in a portable plat-
form. The achieved limit-of-detection is 43 pM, which is of the same
order as the physiological level of vasopressin in the bloodstream.
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