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Abstract
We have developed a multiwalled carbon nanotube/dihydropyran (MWCNT/DHP) composite sensor
for the electrochemical detection of insulin in a microfluidic device. This sensor has been employed
for physiological measurements of secreted insulin from pancreatic islets in a Cytosensor®
previously modified to be a multianalyte microphysiometer (MAMP). When compared with other
established electrochemical insulin sensors, the MWCNT/DHP composite film sensor presented
improved resistance to fluidic shear forces, while achieving enhanced electrode kinetics. In addition,
the preparation of the composite film is straightforward and facile with a self-polymerizing monomer,
DHP, used to add mechanical stability to the film. The sensor film was able to detect insulin
concentrations as low as 1 µM in the MAMP during calibration experiments. The MWCNT/DHP
composite sensor has been successfully used for the direct detection of insulin secreted by islets in
the microphysiometer.
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1. Introduction
The ability to detect insulin directly and rapidly is crucial in the study of the diabetes mellitus
and in particular pancreatic islet metabolism. Currently, insulin secretion is most commonly
studied using standard static or perifusion testing. In a typical standard static test, two samples
of 5 or 10 islets are incubated for a period of time, typically one to two hours, one sample in
media containing a low concentration of glucose (2.8–3.3 mM) and the other sample in media
with a high concentration of glucose (16.7–20 mM). The amount of insulin in the media is
determined, and the stimulation index is calculated as the ratio of the insulin content in the
high glucose media to the insulin content of the low glucose media [1–3]. The stimulation
index is used to quantify the insulin secreting capability of the islets; this measure is used in
the analysis of islets for human transplants [4]. In perifusion experiments, islets are
immobilized in a fluid path, such as between glass frits in a tube, and media is flown past.
Typically, the islets equilibrate in low glucose media (~ 3 mM) for approximately 30 minutes
to one hour, and then the glucose concentration is increased (~17 mM). Samples of the media
outflow are collected throughout the experiment, every one to two minutes, and the insulin
content is then determined to obtain a rate of insulin release. The number of islets used in
perifusion experiments varies from 5 to as many as 50 [5–9]. In perifusion experiments, the
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concentration vs. time profile of secreted insulin can be compared to the expected glucose
stimulated insulin response for healthy islets [10,11]. Both of these techniques require ex
situ analysis of insulin content from collected samples, and as these methods necessitate testing
of sample fractions, the true dynamic insulin release profile is not observed because time
averaging occurs. Assay methods for the quantitative analysis of insulin in these samples
include enzyme linked immunosorbent assay, radioimmunoassay, and chromatography. While
these assays can have very low detection limits, these methods can be time consuming and
require the labeling of insulin with either fluorescent tags or radioisotopes [12–14].

Electrochemistry and fluorescence have also been used to quantify islet secretion with time
resolution that reaches real-time in some cases; however, these studies primarily have involved
detecting zinc, calcium or other molecules such as 5-hydroxytryptamine that play a role in
insulin secretion [15–19]. Maghasi et al. [15] detected secretion from β cells electrochemically
through anodic stripping voltammetry of zinc at a bismuth coated electrode. This study
proposed that the amount of zinc detected correlated to the amount of insulin secreted since
insulin is stored primarily in crystalline form with encapsulated zinc ions. However, this
detection method required preconcentration and ex situ analysis of the β cell culture supernatant
[15]. Kennedy et al. have been able to study insulin secretion by single islets in a microfluidic
device through electrophoresis-based immunoassay of insulin [17] and also through
fluorescence spectroscopy of zinc and intracellular calcium [19]. While these techniques have
very low detection limits, they are unable to measure unlabeled native insulin directly.

Direct electrochemical detection of insulin is attractive as it can provide sensitivity and also
reduced analysis times to enable continuous real-time measurements compared to the above
methodologies. One of the first chemically modified electrodes developed to measure the
oxidation of insulin was a ruthenium dioxide/cyanoruthenate film on a glassy carbon fiber
electrode [20]; however this electrode operated at pH 2, making it impractical for physiological
measurements. A ruthenium dioxide/cyanoruthenate film on a carbon fiber microelectrode was
later utilized at pH 7.4 to monitor chemical secretion by single β cells in response to stimulation
with glucose, tolbutamide, and potassium [21]. Redox mediators and electrocatalysts such as
ruthenium oxide [22], ruthenium metallodendrimer [23], and iridium oxide [24] layers have
been shown to promote the oxidation of insulin at physiological pH and have been used in
amperometric detection and quantization of insulin. However, iridium oxide sensors have the
disadvantages of pH sensitivity resulting from the proton mediated nature of electron transfer
and also the slow nature of proton transport within the film that delays the electrode response
[25]; ruthenium oxide and ruthenium metallodendrimer films have mixed redox states leading
to complex electron transfer kinetics, with the electrochemical behavior of ruthenium oxide
varying between crystal faces [26]. While these sensors have been used to detect insulin
electrochemically, they have limited stability of their mixed redox state surface films leading
to loss of insulin sensitivity.

Because of the difficulties associated with the above chemically modified electrodes,
multiwalled carbon nanotubes (MWCNTs) are an attractive possibility as an electrocatalyst
for the oxidation of insulin. MWCNTs are long, multi-walled, thin cylinders of carbon that can
be described as several two-dimensional graphite sheets rolled into a tube [27]. Recent studies
have shown the ability of MWCNTs to promote electron transfer reactions of both important
biomolecules [28,29] and redox centers embedded deep within proteins [30,31]. This
electrocatalytic property, as well as the chemical stability and high mechanical strength of
MWCNTs, has rendered them an appealing material for use in biosensors [32]. Also, MWCNT-
modified electrodes have been shown to reduce surface fouling effects, like those seen in
NADH oxidation at highly ordered pyrolytic graphite electrodes [33].
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The direct oxidation of insulin with high sensitivity in physiological pH using a MWCNT
modified glassy carbon electrode (GCE) cast from a suspension in N,N-dimethylformamide
(DMF) was reported by Wang and Musameh [34]. No cross-linking agent or polymer was used
in the preparation of this film. Because the film was produced upon the evaporation of DMF,
there was little control of film morphology leading to agglomeration of the MWCNTs. Recent
improvements by Wang and co-workers include a combination carbon nanotube/ruthenium
oxide electrode [35]. Wu et al. reported that the stability of MWCNT films for the detection
of small biomolecules is improved by addition of a fatty acid such as dihexadecyl phosphate
to an aqueous suspension of MWCNTs [36]. Gorski et al. recently explored the use of a chitosan
MWCNT composite film for insulin oxidation [37]. The addition of the polysaccharide
chitosan was seen to facilitate the preparation of films for electrochemical sensors, but these
sensors were not coupled to microfluidic analysis nor used for direct insulin measurements on
islets. The preparation of the chitosan-based film includes the use of an acid solution at 80–90
°C and results in a film up to 10 µm thick [37]. In our microphysiometer setup, a thick film
may prove an impediment in the microfluidic thin layer cell where the volume of the
microfluidic chamber is 3 µL. The use of a small molecule, such as dihydropyran (DHP), as a
stabilizing agent for the MWCNT film should result in a simpler preparation as DHP is simply
added to the aqueous suspension. DHP is a vinyl ether that has been shown to self-polymerize
[38], and therefore it has the ability to form a thinner stabilizing network for adhering the
MWCNTs to the glassy carbon surface.

An electrochemical insulin sensor would be ideally suited for use in the physiological detection
of insulin in a microfluidic device, such as the multianalyte microphysiometer (MAMP). The
MAMP was developed from the commercially available Cytosensor® microphysiometer by
Eklund et al. [39–42]. The MAMP was developed through the integration of four electrodes
into the system to allow for the simultaneous measurement of three other metabolic parameters
in addition to acidification [39,40]. The MAMP has since been used to measure the metabolic
profiles of various types of live cells, including cancer cells and the effect of toxins on cellular
metabolism [42]. In the MAMP, as in all microfluidic devices, the film electrodes must be able
to withstand the shear forces generated in the detection chamber.

In this paper, we present an insulin sensor for electrochemical detection in a microfluidic device
based on direct oxidation at a MWCNT/DHP composite film at physiological pH. Compared
to sensors in literature, our sensor has improved surface coverage and adherence to the electrode
surface. We have successfully adapted this sensor for the microfluidic chamber of the MAMP
and used it to record the response of isolated murine islets to glucose stimulation.

2. Experimental Section
2.1 Chemicals

All materials were used as obtained unless otherwise noted. Insulin (from bovine pancreas, 27
USP units/mg), and dihexadecyl phosphate were purchased from Sigma. The insulin content
appeared to vary as much as 20% between commercial lots. 3,4-Dihydro-2H-pyran (DHP),
Tween-80, and DMF were purchased from Acros. Cell-Tak™ cell and tissue adhesive was
purchased from BD Biosciences. Glassy carbon rods (1 mm diameter) were obtained from
Structure Probe, Inc. (West Chester, PA). Platinum rod (2 mm) was purchased from VWR. All
microphysiometer consumables were purchased from Molecular Devices (Sunnyvale, CA).

Insulin solutions were prepared from a stock of 10 mg/mL solution of insulin in 19.6 mM
hydrochloric acid containing 0.02% v/v Tween-80. Dilutions were then made in 50 mM
phosphate buffer (pH 7.4, 0.02% v/v Tween-80) immediately before use in experiments. Male
FVB mice were made available by the Islet Isolation Core of the Vanderbilt Diabetes Research
and Training Center. FVB mice have been used previously as control models for basal levels
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in a number of studies of the effect of gene modification on insulin secretion [43–47]. Islets
were isolated from these mice by Dr. Zhongyi Chen of the as described by Brissova et al.
[48]. The islets were cultured overnight in RPMI with 10% fetal bovine serum and 11 mM
glucose. Upon receipt the islets were stored in an incubator at 37 °C and 5% CO2 until use.

MWCNTs were obtained as a gift from Dr. William Hofmeister and were manufactured as a
byproduct of diamond deposition by microwave assisted chemical vapor deposition using an
iron catalyst. An Astex Large Area Diamond Deposition System with a 5 kW microwave source
was used. Nanotubes were purified through treatment with nitric acid, following the method
of Dujardin et al. [49], to remove the remaining catalyst and aggregates. Following purification,
the nanotubes were stored in a desiccator.

2.2 Apparatus
All electrochemical measurements, with the exception of amperometric tests in the MAMP,
were conducted using a CHI 660a potentiostat from CH Instruments (Austin, TX). The
electrochemical cell was used in a three electrode configuration with 3 mm glassy carbon
electrode (GCE) working electrode CHI104 (CH Instruments Austin, TX), Ag/AgCl (2 M KCl)
reference electrode CHI 111 (CH Instruments Austin, TX), and platinum mesh counter
electrode in all experiments but those in the MAMP. In the MAMP, the 2 mm platinum disk
on the modified sensor head (Figure 1) was used as the counter and the 1 mm glassy carbon
electrode was used as a working electrode, while the reference electrode (Ag/AgCl, 2 M KCl)
was downstream from the microfluidic chamber, as is typical in the Cytosensor®. For
amperometric tests in the MAMP, a four channel microphysiometer and Cytosoft® program
(Molecular Devices) were used to control pump cycles. A multipotentiostat capable of
simultaneous measurement of amperometric responses for three working electrodes in up to
eight electrochemical cells, developed in house by the Vanderbilt Institute of Integrative
Biosystem Research, was used to measure currents.

2.3 Sensor Head Construction
For insulin determination in the MAMP, a sensor head was constructed with a 1 mm glassy
carbon working electrode and a 2 mm platinum counter electrode, based on the method of
Eklund et al. [40]. All electrodes were sealed with Hysol® Epoxi-Patch and polished until
flush with the surface. The schematic of the modified sensor head can be seen in Figure 1.

2.4 Modified Electrodes for the Detection of Insulin
All films were formed by drop casting the suspension on to the electrode surface, with 20 µL
used for a 3 mm GCE and 3 µL for a 1 mm sensor head GCE.

MWCNTs cast from DMF—A 10 mg/mL suspension of carbon nanotubes in DMF was
sonicated for one hour [34].

MWCNT/dihexadecyl phosphate—A 10 mg/mL suspension of MWCNT in water was
prepared with a 1:1 mass ratio of MWCNT:dihexadecyl phosphate. The suspension was
sonicated for one hour [36].

MWCNT/DHP—A 10 mg/mL suspension of MWCNT in water was prepared with a 1:1 mass
ratio of MWCNT:DHP. This suspension was sonicated for fifteen minutes.

2.5 Testing of Films for Insulin Sensitivity
Cyclic voltammograms (CVs) were obtained for each electrode film on the 3 mm GCE and 1
mm GCE of the modified sensor head in 50 mM phosphate buffer (pH 7.4, 0.02% v/v
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Tween-80) with and without insulin, from 0 to 1 V at a scan rate of 50 mV/s. The MWCNT/
DHP film on the 3 mm GCE was also calibrated outside of the MAMP in a batch test. After ~
1 hour of electrode conditioning at +0.88 V vs. Ag/AgCl (2 M KCl) in 50 mM phosphate buffer
(pH 7.4, 0.02% v/v Tween-80), aliquots of buffer and insulin were injected to give
concentrations of 0, 1.97 × 10−7, 3.94 × 10−7, 6.87 × 10−7, and 9.79 × 10−7 M insulin. The
resulting data was filtered using a LabVIEW program with a Fourier transform low pass filter
to remove the electromagnetic stirring noise.

To test the suitability of these films for use in the MAMP, the 1 mm sensor head GCE was
coated with one of the three film types and then placed in the MAMP for 4.5 hours under stop
flow conditions with a cycle of 180 s with a flow rate of 20 µL/min for 140 s and a 40 s stop
flow period. The condition of the films was observed using an optical microscope before and
after testing. Linear sweep voltammetry (LSV) in solutions of buffer and insulin was performed
with a scan rate of 50 mV/s in the microphysiometer for films on the sensor head GCE at a
constant flow rate of 20 µL/min. The MWCNT/DHP composite film was then calibrated
amperometrically on the modified sensor head in the MAMP with ~ 1 hour of electrode
conditioning following the same method used in the batch test of the film on the 3 mm GCE,
with concentrations of 0, 1.001 × 10−6, 5.002 × 10−6, 1.001 × 10−5, 2.501 × 10−5 M insulin.

2.6 Testing of Islets in MAMP
The polycarbonate membranes of the Cytosensor® capsule cups were coated with Cell-Tak™,
a combination of proteins from mussels. The cups were dried at 37 °C, rinsed with water, and
dried again. Approximately 75–125 islets were hand picked from the culture media using a
manual pipette, rinsed three times with 1 mM phosphate buffer with 100 mM NaCl (pH 7.0),
and then placed onto the Cell-Tak™. The islets were then coated with 5 µL of agarose following
a well established protocol for the use of non-adherent cells in the Cytosensor® [50–52]. A
spacer and insert were placed inside the cup. Hank’s balanced salt solution (HBSS) [53] with
2.8 mM glucose was pipetted inside.

The capsule containing the islets was then placed in the MAMP, and the Cytosoft® data
collection and pump control program started. The islets were allowed to equilibrate for 20
minutes in the MAMP at 37 °C at a flow rate of 20 µL/min, before data collection of insulin
commenced. The pump cycle for islet experiments was 180 seconds, with 140 seconds at flow
rate of 20 µL/min and a 40 second stop flow period. To validate that the sensor can detect
secreted insulin, islets were initially perifused with HBSS with 2.8 mM glucose, referred to as
low glucose. After 60 minutes, the perifusion media was switched to HBSS with 16.7 mM
glucose, referred to as high glucose. Identical procedures were followed in the absence of islets
to determine the effect of increased glucose levels on the sensor.

3. Results and discussion
We present the development of a MWCNT/DHP composite film for use in a microfluidic
chamber inside the MAMP, yielding a sensor with almost instantaneous response time on the
order of 1 s or less. This film was compared with established electrochemical insulin sensors
based on MWCNTs, namely the MWCNT film cast from DMF of Wang and Musameh [34]
and the MWCNT/dihexadecyl phosphate composite films of Wu et al. [36]. As this sensor has
been designed for use in the MAMP, uniformity of coating and adherence of the film to the
electrode surface are vital.

Figure 2 presents a preliminary comparison of these three film types. CVs were obtained in
buffer (pH 7.4, 0.02% v/v Tween-80) as background and in insulin solutions (72.5 µM)
prepared in the same buffer. As displayed in Figure 2A, a representative CV using the MWCNT
film cast from DMF shows an irreversible oxidation peak at +0.759 V vs. Ag/AgCl, 2 M KCl,

Snider et al. Page 5

Anal Chim Acta. Author manuscript; available in PMC 2009 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



which is well resolved from the background buffer. The CV using the MWCNT/dihexadecyl
phosphate film, solid line in Figure 2B, has an oxidation peak at +0.753 V vs. Ag/AgCl, 2 M
KCl, and is not as well defined as the insulin oxidation peak for the MWCNT film cast from
DMF or the MWCNT/DHP film. Because of the decreased magnitude of the insulin oxidation
peak, the MWCNT/dihexadecyl phosphate film is the least desirable choice for use in insulin
detection. The oxidation peak of insulin for the cyclic voltammogram of the MWCNT/DHP
composite film, solid line in Figure 2C, has a peak potential of +0.765 V vs. Ag/AgCl, 2 M
KCl, and is well defined compared to the background voltammogram in buffer (dotted line).
The average peak current as a function of insulin concentration for cyclic voltammograms of
each film is given in Table 1. The electron transfer kinetics, as indicated by the oxidation peak
current divided by the insulin concentration, ip/C, for the MWCNT film cast from DMF and
the MWCNT/DHP composite film were improved compared with the values for the MWCNT/
dihexadecyl phosphate film. All three films show oxidation at similar potentials (Table 1), with
the sensitivity of the MWCNT/dihexadecyl phosphate film being the lowest. The large standard
deviations in the peak current values in Table 1 result from each film being hand cast. For this
reason, each film must be calibrated individually prior to any experiments that involve insulin
detection. By comparing the oxidation peak current as a function of concentration, it is clear
that the MWCNT/DHP film and the MWCNT film cast from DMF have the best current
response and kinetics and thus are the best leads for the detection of insulin from physiological
samples; however, further testing is necessary to determine which film was most suitable for
the microfluidic environment of the MAMP.

To determine the resistance to shear force of these three film types under the microfluidic flow
conditions of the MAMP, sensor head GCEs (Figure 1) were coated and tested under identical
conditions. Representative films for each film type are shown in Figures 3A–C before testing
and in Figures 3D–F after testing. Prior to testing in the MAMP, all three films appear to have
complete surface coverage with some surface roughness seen in the MWCNT/dihexadecyl
phosphate and MWCNT/DHP films. After 4.5 hours in the MAMP under stop flow conditions
with 180 s cycles with a flow rate of 20 µL/min for 140 s and a 40 s stop flow period, the
thicknesses of the MWCNT film cast from DMF and the MWCNT/dihexadecyl phosphate
film, Figure 3D and 3E, are clearly reduced. The adherence and integrity of the films were
compared by using the pre- and post-testing images and visually inspecting the optical density
of the film remaining as the percentage of its original area. The ratio of the remaining film to
the area of original film is defined as the percentage of film loss. The MWCNT film cast from
DMF lost 53.6% of its original coverage. The loss of the MWCNT/dihexadecyl phosphate film
was more dramatic, with a loss of 90.2% of the original film area. In comparing Figures 3C
and 3F, visual inspection showed that none of the MWCNT/DHP film was lost, although some
surface changes were observed. The MWCNT/DHP film maintained its integrity and had the
best adherence to the electrode surface during the pulsed stop flow conditions in the MAMP
out of the three film types tested. The MWCNT film cast from DMF and the MWCNT/
dihexadecyl phosphate film are only physisorbed onto the electrode surface, while MWCNT/
dihexadecyl phosphate film shows increased homogeneity of the MWCNT film resulting from
the addition of a fatty acid to the suspension. In the case of the MWCNT/DHP film, there is
physical crosslinking of the nanotubes from the self-polymerization of DHP [38]. Therefore,
although the MWCNT/DHP film and the MWCNT film cast from DMF showed similar ip/C
values (Table 1), the MWCNT/DHP film is best suited for use in the MAMP as it can better
withstand the fluidic shear forces of the instrument, and consequently was used in all future
experiments.

LSVs of the MWCNT/DHP composite film were also obtained in the MAMP to verify that the
MWCNT/DHP composite film on the 1 mm glassy carbon electrode of the sensor head still
has the ability to electrochemically detect insulin in a microfluidic system similar to the
preliminary tests of Figure 2. Sample LSVs of the MWCNT/DHP composite film on the glassy
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carbon electrode of the modified sensor head in buffer and 300 µM insulin are shown in Figure
4. In the presence of insulin, a peak appears around + 0.81 V vs. Ag/AgCl, 2 M KCl
demonstrating the oxidation of insulin at the MWCNT/DHP composite film on the GCE of the
modified sensor head in a microfluidic device. This experiment indicates that the MWCNT/
DHP film preserves electrochemical activity in the MAMP (Figure 4) similar to that of
preliminary experiments (Figure 2).

Amperometric calibrations were performed on MWCNT/DHP films at + 0.88 V vs. Ag/AgCl,
2 M KCl on both 3 mm GCEs in solution under moderate stirring and the 1 mm GCE of the
modified sensor head in the MAMP. The blank and insulin solutions were in 50 mM phosphate
buffer (pH 7.4, 0.02% v/v Tween-80). The current increase as a function of insulin
concentration is given in Figure 5A for three distinct MWCNT/DHP sensor films on a 3 mm
GCE, with each point on the graph representing twenty seconds or 200 collected data points.
The similarity of the slopes for these three calibrations, given in the equations in Figure 5A,
suggests that the sensitivity of the films is comparable, indicating the reproducibility of these
films. An amperometric calibration of the MWCNT/DHP film in the MAMP was performed
to ensure that the limit of detection is within the expected physiological concentration range.
The current increase during flow as a function of insulin concentration increase is given in
Figure 5B. Each calibration point on the graph represents at least five stop flow cycles,
comprising 700 collected data points. Each film must be calibrated individually to account for
variation in electrode coating due to manual handcasting of the MWCNT/DHP suspension.
The current increase for the blank of buffer (0 µM insulin) was not visible above the peristaltic
noise of the sensor. The presence of the large y-axis intercept in Figure 5B is due to the same
peristaltic pump noise. We were able to detect changes in insulin concentration as low as 1 µM
during calibration experiments, which falls within the expected physiological range. As there
are no literature values for the secretion of insulin from islets of male FVB mice, for comparison
purposes Bergsten’s study of individual islets isolated from ob/ob- mice was used, where
insulin release of 3 ± 1 pmol g−1 s−1 was observed when the glucose concentration was 3 mM
with an increase to 99 ± 10 pmol g−1 s−1 upon stimulation with 16 mM glucose. By
extrapolating this data using the reported islet weight range of 8 – 15 µg and the MAMP volume
of 3 µL, approximately 75 – 125 islets, and stop flow of 40 seconds, a concentration range of
0.8 – 2.5 µM could be expected at the end of the stop flow period [10]. While this value is for
ob/ob-mice, it should be similar to the FVB mice used in our studies.

To demonstrate the suitability of the MWCNT/DHP film in the MAMP for studying insulin
with physiological samples, the response of the sensors in the presence of islets was measured.
Figure 6 shows the amperometric current/time profile of a MWCNT/DHP composite film
electrode during a typical stop-flow period in the presence of insulin secreting islets and the
dynamics of the signal upon restart of flow. Also visible in Figure 6 is the spike in current
corresponding to the perturbation in microfluidic flow caused by the peristaltic pump clamping.
The shape of the current-time profile is the result of convective mass transfer during flow as
well as decreased mass transport resulting only from diffusion during stop flow, when the
secreted insulin must diffuse to sensors across the 100 µm gap of the microfluidic chamber.
The peak height (ip), which was used in data analysis, is measured from convective flow steady-
state current to the minimum of the stop flow diffusional current as shown in Figure 6. One
reason for using ip in data analysis is that the stop flow data has a higher signal to noise ratio
and lower detection limits than the convective flow data even after filtering out the high
frequency noise of the peristaltic pump from flow data. The current at the sensor during stop
flow is linear when graphed versus t−1/2, indicating that the time dependence profile of the
insulin release results from diffusional mass transport from the cells to the sensor. This will be
the focus of future studies and could likely be modeled as a two electrode system as analyzed
by Bard and Faulkner [54]. Currently, peak height at the end of the stop flow phase is the most
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accurate way to analyze the insulin sensor data with islets as it represents the maximum
physiological activity measured during the stop flow period.

Confirmation of the detection of insulin release from pancreatic islets is demonstrated in Figure
7. The inset image in Figure 7 is the corresponding raw amperometric current response of the
MWCNT/DHP sensor film in the presence of islets with 2.8 and 16.7 mM glucose. In this
experiment, switching the glucose concentration in the HBSS media from low (2.8 mM) to
high (16.7 mM) was used to stimulate insulin secretion by the islets. As shown in Figure 7, the
stop flow peak current in the absence of islets (denoted by squares) exhibits no significant
change (7.8 ± 6.3 %) when the glucose concentration of the HBSS media is increased from 2.8
mM (hollow squares) to 16.7 mM (solid squares). However, when islets are present in the
microfluidic system (denoted by circles), a dramatic oxidation current increase of 228 ± 1 %
is observed. At +0.88 V vs. Ag/AgCl (2 M KCl), the potential where insulin is detected with
the MWCNT/DHP composite film, somatostatin is a possible interferent as it is secreted by
the δ-cells of the islet [55] and has a peak oxidation potential of + 0.80 V vs. Ag/AgCl [56].
The dramatic current increase seen in Figure 7 (228 %) is unlikely to be due to somatostatin
as β cells are stimulated to secrete insulin when islets are exposed to high levels of glucose
[11] and the function of somatostatin is to inhibit β cells [57,58].

The currents in the presence and absence of islets were normalized to their corresponding stop
flow peak current at 2.8 mM glucose to highlight the percent change seen when the media was
switched to 16.7 mM glucose. The increase in peak height, seen in Figure 7, when the glucose
content of the media is increased from 2.8 to 16.7 mM is ~50 nA and is due to the presence of
islets. From calibration experiments of the MWCNT/DHP composite film on the 1 mm GCE
of the sensor head, this oxidation current increase (~50 nA) corresponds to an insulin
concentration increase of 100 µM in the confined volume of the microfluidic chamber. Thus,
a major benefit of our microfluidic assay is the confined volume into which insulin is released
compared with conventional methods. This setup enhances the detection of insulin as it allows
insulin to accumulate during the stop-flow period. If the sensor was utilized outside of the
MAMP stop-flow system, this benefit would be lost and the concentration detected from the
same number of islets would be lower. While this concentration is easily measured; if
necessary, the stop flow period could be lengthened to allow insulin to accumulate and increase
the sensitivity of the technique, enabling the use of a smaller number of islets. These islet
studies demonstrate the detection of insulin secreted by islets with our newly developed
MWCNT/DHP composite sensor in the MAMP as a real-time method for characterizing islet
function and physiology in microfluidic devices.

CONCLUSIONS
We have successfully developed a MWCNT/DHP composite film electrode for the
electrochemical detection of insulin secreted by islets in a microfluidic system. This sensor
enables direct label-free detection of insulin with improved electrocatalytic kinetics, facile
preparation, and resistance to fluidic shear forces as compared to other insulin sensors. We
were able to detect insulin concentrations as low as 1 µM in the MAMP during calibration
experiments. This sensor was integrated into the multianalyte microphysiometer, and insulin
secretion by islets was detected. The increase in concentration of insulin detected for 100 islets
is much higher than the limit of detection and as high as 100 µM for the sensor because of the
confined volume of the microfluidic chamber and the buildup of insulin molecules during a
stop flow period.
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Fig. 1.
Modified sensor head showing 1 mm glassy carbon electrode, 2 mm platinum counter
electrode, fluid inlet and outlet, and counter electrode for light addressable potentiometric
sensor (LAPS).
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Fig. 2.
Cyclic voltammograms in 50 mM phosphate buffer (pH 7.4, 0.02% v/v Tween-80) and 72.5
µM insulin solutions in the same buffer at a 3.0 mm GCE coated with each film type vs. Ag/
AgCl (2 M KCl). Scan rate: 50 mV/s. (A) MWCNT cast from DMF; (B) MWCNT/dihexadecyl
phosphate electrode; (C) MWCNT/DHP electrode.
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Fig. 3.
(A–C) Optical microscope images of (A) MWCNT cast from DMF, (B) MWCNT/dihexadecyl
phosphate, and (C) MWCNT/DHP films on 1 mm GCE of sensor head prior to testing in
MAMP. These particular sensor films (A–C) were subjected to 4.5 hours of 180 s cycles with
a flow rate of 20 µL/min for 140 s and a stop flow period of 40 s in the MAMP, and their
condition recorded through optical microscope images (D–F): (D) MWCNT cast from DMF
(film (A) after 4.5 hours of testing in the MAMP), (E) MWCNT/dihexadecyl phosphate (film
(B) after 4.5 hours of testing in the MAMP), and (F) MWCNT/DHP (film (C) after 4.5 hours
of testing in the MAMP).
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Fig. 4.
Linear sweep voltammograms of 300 µM insulin in 50 mM phosphate buffer (pH 7.4, 0.02%
v/v Tween-80) and of blank buffer at a 1 mm GCE on the modified sensor head coated with
MWCNT/DHP composite film vs. Ag/AgCl (2 M KCl) in the MAMP. Scan rate: 50 mV/s.
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Fig. 5.
Insulin calibration curves of MWCNT/DHP films at + 0.88 V vs. Ag/AgCl (2 M KCl). Insulin
was added as a solution in 50 mM phosphate buffer (pH 7.4, 0.02% v/v Tween-80). Buffer was
also added as a control. (A) Calibration curves of three different films on a 3 mm GCEs,
performed under moderate stirring with each point showing the current increase for that
concentration. Each data point on the graph represents twenty seconds or 200 collected data
points. (B) Calibration curve of a MWCNT/DHP film on a 1 mm GCE of a modified sensor
head in the MAMP microfluidic chamber under diffusion control. Each data point on the graph
represents at least five flow – stop flow cycles, comprising 700 collected data points.
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Fig. 6.
Typical flow – stop flow amperometric current profile of a MWCNT/DHP sensor film in
MAMP at + 0.88 V vs. Ag/AgCl (2M KCl) showing the pump on/off periods, peak current
(ip) and peristaltic pump clamping spike. This measurement was performed in low buffered
HBSS media with 16.7 mM glucose in the presence of islets: 180 s cycle with a flow rate of
20 µL/min for 140 s and a stop flow period of 40 s and sample volume of 3 µL.
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Fig. 7.
Normalized stop flow peak current response for MWCNT/DHP film on the 1 mm GCE of the
sensor head in microfluidic chamber of MAMP upon stimulation with low and high glucose
with and without islets. Measurements were performed in HBSS with 180 s cycle with a flow
rate of 20 µL/min for 140 s and a stop flow period of 40 s and sample volume of 3 µL. □: No
islets low glucose; ■: No islets high glucose; ○: Islets low glucose; ●: Islets high glucose.
INSET: Amperometric response of MWCNT/DHP composite film at + 0.88 V vs. Ag/AgCl
(2M KCl) with islets present. All data for this figure was collected with the same sensor, same
coating, and same microfluidic chamber to reduce variability.
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Table 1
The insulin oxidation peak currents from cyclic voltammograms of 1 mm GCEs modified with MWCNT cast
from DMF, MWCNT/dihexadecyl phosphate films, and MWCNT/DHP films and the ratios of the peak current
to the insulin concentrationa

Film Type Ep (V vs. Ag/AgCl) ip (µA) C (µM) ip/C (µA/µM)

cast from DMF +0.759 59 ± 5.0 72.5 0.81±0.07
dihexadecyl phosphate +0.753 35 ± 3.3 72.5 0.48±0.05

DHP +0.765 61 ± 4.9 72.5 0.84±0.06

a
CVs were run with scan rate of 50 mV/s and a Ag/AgCl (2 M KCl) reference electrode in insulin solutions in 50 mM phosphate buffer (pH 7.4, 0.02%

v/v Tween-80). At least three CVs were obtained for each film type.
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