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Abstract

A cost-effective, point of care (POC) device based on highly oriented CNT arrays was developed as an electrochemical assay for
real-time and sensitive detection of glucose in complex samples. A low-cost, microcontroller-based potentiostat consisting of
Arduino Due and LMP9100-EVM was developed to perform electrochemical measurements such as cyclic voltammetry (CV)
and amperometry. A syringe pump based on open-source electronics was designed to direct the flow through a microfluidic chip.
Vertically aligned carbon nanotube (VACNT) sensor arrays, in combination with the miniature potentiostat and the syringe
pumps, were utilized as a POC device for the rapid and accurate detection of glucose. The structure and morphology of samples
were characterized by field emission scanning electron microscopy (FESEM) and attenuated total reflectance Fourier transform
infrared spectrometry (ATR-FTIR). CV as well as electrochemical impedance spectroscopy (EIS) was performed to investigate
the electrochemical behavior of the electrode with respect to different diffusion regimes. The mediator-less biosensor had a limit
of detection of 23 uM and sensitivity of 1462 pA mM ' cm 2 and 1050 pA mM ' cm 2 at the linear range of 1.2-7.8 mM and
7.8-11.2 mM, respectively. The presence of other biological compounds such as uric acid (UA) and ascorbic acid (AA) did not
interfere with the detection of glucose. Finally, the designed POC device was successfully applied for the determination of
glucose in human blood plasma samples.
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Introduction

Glucose, as the major source of energy for cells, is transported
to cells through insulin in the bloodstream. The human body
adjusts blood glucose levels at the concentration range of 4—
8 mM (70-120 mg dI"") [1]. Detection and monitoring of
glucose in human blood are of great interest in a variety of
areas ranging from biomedical applications to ecological ap-
proaches. There is a continued high glucose level in diabetic

>4 Ali Farahani
ali_farahani@ut.ac.ir

Department of Chemical Engineering, Queen’s University,
Kingston, ON K7L 3N6, Canada

Nanobioelectronics Lab, School of Chemistry, College of Science,
University of Tehran, Tehran 1748714176, Iran

Department of Chemical Engineering, Faculty of Engineering,
University of Tehran, Tehran 1438615995, Iran

patients as a result of failure to regulate sugar level. Diabetes
mellitus is a severe metabolic disorder persistent during the
lifetime of a person [2—4]. The pervasiveness of diabetes
mellitus has been reported on a global scale, leading to a
high rate of blindness, heart disease, and kidney failure
worldwide [5]. Gaining appropriate control over the blood
glucose level can delay and, to a greater extent, prevent
such complications. The key point to develop effective
methods for biosensing purposes is to obtain convenient
and sensitive signal transductions. Several methods have
been extensively employed with the aim of finding reliable
approaches for determining glucose levels, including po-
tentiometric biosensors [6, 7], fluorescence spectroscopy
[8, 9], calorimetry [10, 11], and electrochemiluminescence
[12, 13]. Glycohemoglobin and glucometers test kits are
also used in the monitoring and diagnosis of the disease
[14, 15]. Although the aforementioned methods are sensi-
tive with high molecular specificity, most of them require
expensive instrumentation and trained personnel to operate
the devices, and have high maintenance cost.
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POC testing provides highly sensitive and non-invasive
systems for continuous, rapid, low-cost, and reliable detection
of a variety of biomarkers, such as glucose, in biological sam-
ples [16-20]. There is a growing tendency in device miniatur-
ization, especially for electrochemical analysis. In general,
reduction of electrode size for electrochemical applications
potentially alters the detection sensitivity and accuracy of the
method; therefore, providing low-cost procedures along with
high-throughput analysis is one the most important aspects of
POC testing [21, 22]. Small hand-held devices are developed
using state-of-art microfabrication techniques, which auto-
mate sample preparation, assay steps, analysis, and detection
of signals [23-25].

Diverse electrodes modified with nanomaterials have wide-
ly been employed for the development of a wide variety of
ultrasensitive electrochemical biosensors, resulting in the
drastic improvement in the specificity and stability of the de-
tection systems, achieving reliability and reproducibility.
Combination of micro-sized electrodes with nanomaterials is
an infrastructure for the development of highly selective bio-
sensors for the future generation of POC tools, resulting in
high-throughput analysis as lab-on-chip devices [26-28].
Nanomaterials with high electrical conductivity and large spe-
cific area are employed for the modification of electrodes to
improve the immobilization of biorecognition agents and fa-
cilitate the electron transfer on the electrode surface [29, 30].
Oriented nanomaterials can improve the biorecognition effi-
ciency and decrease the nonspecific adsorption of the mole-
cules, significantly enhancing the sensitivity for the detection
of the target analyte.

Owing to their great optical, electrical, and mechanical prop-
erties, single-walled carbon nanotubes (SWCNTSs) are versatile
materials for electrochemical sensing [31]. Their high specific
surface area, easy functionalization, and high
electroconductivity, along with facile non-covalent adsorption
of molecules via -7t interactions, make them unique materials
for biosensing applications [32]. Moreover, due to their terminal
activation, it is possible to assemble SWCNTs to form oriented
nanostructures [33]. Vertically oriented carbon nanotubes, either
in random distribution or in a regular pattern, have shown prom-
ising features mainly in the areas of energy-saving, sensing, and
biosensing [34-37]. These entities combine the properties of
microelectrode arrays and carbon nanotubes. Thanks to their
high surface area and conductivity, each of the arrays can act
as a means for direct electron transfer between the electrode and
the receptor. The main advantage of the arrays is the increase in
current density, mass transport rate, and enhancement in signal-
to-noise ratio, which are mainly due to the formation of three-
dimensional diffusion fields and less ohmic resistance effects
[27, 38]. As aresult, aligned carbon nanotubes can be employed
as efficient molecular wires to facilitate the heterogeneous elec-
tron transfer between the electrodes and the surrounding envi-
ronment [39]. The structural arrangement of SWCNTs can also
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allow the complete exposure of their sidewalls, improving the
non-covalent adsorption of molecules and detection efficiency.
A wide range of biochemical applications has been demonstrat-
ed for VACNTSs in the presence or absence of encapsulating
materials, such as glucose detection [40], tracking gene delivery
[41], and electrochemical detection of dopamine [42].
Furthermore, their properties such as wide electrochemical po-
tential window, high thermal and electrical conductivity, and
high mechanical stability make them competitive candidates
for covalent attachment of enzymes, avoiding the degradation
of the enzyme on the substrate, and contribute to better electron
transfer between electrode and redox center of the enzyme
[43—45]. Aligned carbon nanotubes have been used as a plat-
form for the covalent attachment of molecules to generate a lab-
on-chip system based on CNT arrays. As integrated platforms,
these devices can collect and analyze data and play a unique role
in the development of portable devices [46, 47].

This research describes an efficient method for low poten-
tial, mediator-less determination of glucose by covalent attach-
ment of GOx on VACNTSs. The as-prepared biosensor is ap-
plied for the low-cost, rapid, and accurate detection of glucose
in a wide concentration range. To the best of our knowledge,
this is the first report on the development of a POC device that
combines carbon nanotube arrays with a miniature potentiostat
integrated with a microfluidic chamber. The designed system is
capable of performing real-time measurements and selective
determination of glucose in the presence of ascorbic acid
(AA) and uric acid (UA) in biological samples.

Experimental
Chemical and reagents

Glucose oxidase (G7141-50KU), p-(+)-glucose, 1-(3-
dimethylamino propyl)-3 ethyl carbodiimide hydrochloride
(EDC), N-hydroxysulfosuccinimide sodium salt (sulfo-
NHS), potassium ferricyanide (K3[Fe(CN)g]), uric acid
(UA), ascorbic acid (AA), KH,PO,, K,HPO,, and bovine
serum albumin (BSA) were purchased from Sigma-Aldrich
(Saint Louis, MO). Plasma samples were obtained from the
Iranian Blood Transfusion Organization (Tehran, Iran). Other
chemicals and reagents were of analytical grade and pur-
chased from Merck (Darmstadt, Germany). All solutions were
prepared with double-distilled water, immediately before each
experiment. Phosphate-buffered solution (PBS), pH 7.0, was
used as the supporting electrolyte.

Equipment
The CV and amperometric measurements were performed

with an Ivium Palmsens 2 (Houten, Netherland) for primary
tests in a three-electrode setup using VACNTSs as the working
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electrode, an Ag/AgCl (Azar electrode, Urmia, Iran) as the
reference electrode, and a platinum wire as the counter elec-
trode. Radio frequency sputtering (EVS200—135 W) and
electron beam evaporation (Veeco Co—135 W) were
employed for the deposition of alumina (Al,O3) and iron
(Fe), respectively. Electrochemical impedance spectra were
obtained with a CHI 660 electrochemical workstation (CH
Instruments, Austin, TX). FESEM (FEI NOVANANOSEM
450) (Hitachi, Santa Clara, CA) and ATR-FTIR (Tensor 27,
Equinox 55, attenuated Bruker, Karlsruhe, Germany) were
used to characterize the morphology of the VACNTs.

Point of care analyzer

The POC device consisted of four main parts, including (a)
VACNT electrode, (b) a microfluidic chamber, (c) two sy-
ringe pumps, and (d) a miniature potentiostat.

VACNT electrode

Prior to the growth of VACNTSs, the silicon substrate (Si/SiO,)
was rinsed twice using deionized water and dried completely.
Al,O5 film with a thickness ranging between 10 and 20 nm
was deposited on the substrate using radio frequency under a
vacuum of 8 Torr. Fe was deposited as the catalyst on Al,O3
with a thickness of 10 nm using electron beam evaporation
under the vacuum of 10 Torr. Prior to the growth process of
arrays, thermal annealing at the presence of argon flow was
carried out at the temperature of 600 °C. VACNTSs with an
average length of 9 um and diameter ranging between 70 and
100 nm were grown on Fe sites, well separated from each
other. The arrays’ growth occurred in a mixture of H,/C,H,
(90/60 sccm) at the temperature of 600 °C. The reaction was
carried out for the desired time before the ethylene and hydro-
gen flow were cut off. The argon flow was not cut off until the
temperature was reduced to room temperature. After CNT
arrays’ growth, the produced chip was washed in dilute
HNO; solution, resulting in the removal of loose particles as
well as purification of the arrays.

Microfluidic chamber

A custom-made microfluidic chip was designed to accom-
modate the fabricated biosensor for performing electro-
chemical measurements (see Supplementary Information
(ESM) Fig. S1). The chip was placed in series with syringe
pumps to allow precise and repeatable measurements in the
microliter scale. The electrode was placed between two
polydimethylsiloxane (PDMS) blocks. The lower part in-
cludes appropriate margins to position the electrode and an
O-ring to seal the upper surface. The sample is mixed with
the buffer in a serpentine, mixing channel before being
introduces into the test chamber in a polyethylene tube.

Syringe pump

Two custom-made, low-cost, miniaturized syringe pumps for
precise dispensing and withdrawal of sample solutions were
made using open-source electronic hardware (Arduino Uno)
and 3D printed parts. The pumps were controlled by an
Arduino interface and the precise stepper motor driver kit
DRV8825.

Miniature potentiostat

The gas sensor LMP91000 (Texas Instrument, TX) (ESM Fig.
S2a) acts as a two-electrode system in tandem with a modified
microcontroller (Arduino, Italy) (ESM Fig. S2b). The evalua-
tion board on the LMP91000 is a field-programmable gate
array (FPGA)-based device which can control the
LMP91000 via USB, and an interface named sensor AFE
(Texas Instrument, TX), which can manually control the
board. This board needs an external card (data acquisition
card) for capturing the generated analog signals. Although
the board can be programmed manually to perform CV, con-
stant sampling rate is not achievable. Moreover, the use of an
external FPGA will also increase the cost and size of the
device. To solve this issue, an Arduino Due based on an
84 MHz, ARM microcontroller was added to the system,
and LMP was powered and controlled via the 12C interface.
The LMP was reconfigured to be able to perform CV and
amperometry measurements. The board generates a voltage
which is proportional to the current from the working
electrode.

At the output level, the voltage is provided by a
transimpedance amplifier (TIA), which converts the current
to voltage; then, the response is sent to Arduino using a serial
peripheral interface )SPI). For the ADC (analog to digital con-
verter) unit, the LMP9100EVM setup should be manually
adjusted to allow precise calculation of the output.

The transimpedance amplifier can act at different amplifi-
cation levels, thus allowing the gain to match the analyte con-
centration range; for example, since the current is proportional
to the concentration of the target analyte, a higher gain can be
selected for lower analyte concentrations.

The performance of LMP91000 at the voltage range of
2.5 V makes it possible to do CV and amperometry analysis
at various ranges. The output voltage of LMP91000 is propor-
tional to the current between electrodes. Based on Eq. 1, cal-
ibration of the system can be done by making changes in
concentrations and embedded transfer function.

Tow = (Vout_VintZ) /TIAgain ( 1 )

The MATLAB and Simulink R2016-b software were uti-
lized for all data savings and calibrations. The LMP91000EVM
was reconfigured to perform CV measurements on the three-
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electrode systems. The obtained data is stored in the SD card of
the Arduino. Figure 1 shows the POC system for the detection
of glucose.

System testing and validation

As mentioned earlier, the potentiostat performance was eval-
uated, and the parameters were adjusted for each experiment
manually. The device successfully performs CV measure-
ments. The data could be stored in Arduino using a data logger
shield, or it could be transferred to a PC using Bluetooth
module. The validation of the measurements was also carried
out using a commercial potentiostat (Palmsens 2) for Fe(Il)/
Fe(II) redox in PBS buffer. Fig. S3 (see ESM) shows the
results from both potentiostats depicting sharp and well-
defined oxidation-reduction peaks.

Enzyme immobilization

To expose the contact layer of the arrays, prior to the enzyme
immobilization, the electrode was treated with a 10% HF so-
lution. To generate carboxylic functional groups (COOH) at
the CNT tips, and, consequently, covalent binding of GOx
enzyme to them, the VACNTs were pretreated with 1.5 M
NaOH at 1 V for 60 s. Next, in order to promote the
amide cross-linkage between the activated tips and GOXx,
the arrays were immersed in PBS (pH=7.0, 0.1 M) con-
taining 10 mg/ml EDC and 30 mg/ml NHS. Then, a 0.5-
ml drop containing enzyme solution (5 mg/ml) was placed
on the electrode surface, and the reaction was allowed to
take place for 2 h. Following the immobilization, the elec-
trode was carefully washed in PBS solution (pH=7.0)
containing 0.3% wt BSA and stored at 4 °C before use.
Figure 2 is a schematic illustrating the enzyme immobili-
zation of CNT tips.

Arduino due microcontroller

Modified LMP91000evm

Microfluidic chamber

Syringe pump

Fig. 1 Point of care system for detection of glucose
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Real sample pretreatment

The human blood plasma samples were acquired from healthy
and diabetic volunteers with approved permission from the
Iranian Blood Transfusion Organization (Tehran, Iran). One
milliliter of four aliquots of each sample was transferred to
four separate test tubes; three of the aliquots were spiked with
different concentrations of glucose. Spiked and unspiked sam-
ples were diluted in 2 ml of MeOH to remove the proteins.
Following protein removal, samples were sonicated for 1 min
and centrifuged for 7 min at 6000 rpm. After filtering the
supernatants with paper filters, 3 ml of PBS was added to
adjust pH to 7.

Results and discussion
Morphological characterization of VACNTs

Figure 3A and B are the FESEM images of as-grown VACNTs
depicting the of arrays’ morphology. Owing to the van der
Waals attraction forces and large surface area on nanotubes
[48], the arrays make a well-ordered structure. The diameters
of the arrays measured by Imagel software (version 1.51,
LOCI, University of Wisconsin( were in the range of 70—
100 nm, while the mean tube length was 9 pum. Since the
dimensions of walls of the oriented arrays were comparable
with the size of glucose oxidase, the latter can be covalently
attached to the tips and walls of the arrays. Figure 3C shows the
FESEM image of CNT arrays after functionalization with
NaOH. Comparing with Fig. 3B, it seems that functionalization
did not result in severe shortening and cutting of nanotubes.
Figure 3D shows the distribution of the CNT diameters in the
arrays, and as mentioned earlier, the diameter is between 70 and
100 nm.

FTIR was utilized to explain the crystalline nature of CNT
arrays. In Fig. 3E (line “(a)”), 1750 cm ' isthe C-O stretching
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CVD
RF-Sputtering

Fig. 2 Schematic of the immobilization steps on the electrode surface

vibration and 3467 cm ' is the —OH vibration of the carboxyl

group. As can be seen in Fig. 3E (line “(b)”), the intensity of
carboxyl groups has increased after chemical treatment, which
indicates the successful functionalization of the arrays. The
band at 2950 cm ! is assigned to aliphatic C—H stretching
vibrations on the electrode surface. Presence of functional
groups enhances the amide linkage between the amine resi-
dues of the enzyme and activated electrode surface.

Electrochemical characterization of VACNT electrode
Effect of scan rate and EIS

Immobilization of GOx on the electrode was confirmed by the
detection of the derived redox peaks due to GOx immobiliza-
tion. CV and EIS were directed to assess the electrochemical
properties of VACNTs. Cyclic voltammograms of the elec-
trode at different scan rates (10-450 mV/s) taken in PBS
(pH 7.0, 0.1 M) are given in Fig. 4a. To verify the nanoscale
behavior of the arrays, their CV must have a sigmoidal shape,
showing the steady-state mass transfer in the slow scan rates.
For the scan rates between 10 and 180 mV/s, there is a linear
relationship between oxidation (R*=0.995) and reduction
(R*=0.994) peak currents and the square root of scan rates
(Fig. 4b), proving that the electrochemical process is con-
trolled by linear diffusion of electroactive species. At the same
scan rate, the reduction peak is almost equal to the oxidation
peak. As the scan rate increases, the oxidation peak shifts to

.
EC
Treatment '

Y
.

v S V'
EDC

Enzyme

"OH

Substrate

more positive values and the reduction peak shifts to more
negative values. Moreover, with the increase in scan rate
AE, gradually, all which shows the electron transfer of the
electrode is quasi-reversible. Sigmoidal voltammogram of
the resultant arrays can be described by spherical diffusion
of the arrays, which prevents overlapping of the neighboring
arrays.

Figure 4c shows impedance spectra of VACNT electrode
at the solution of 4 mM K3Fe(CN)g/4 mM K Fe(CN)g and
0.1 M KClin PBS (pH 7.0, 0.1 M) (1:1 mixture). The imped-
ance spectra of the electrode appeared as a straight line, show-
ing the linear diffusion-controlled behavior of the system. The
impedance spectra are meaningful only if the response is in-
dependent of the amplitude plot. So, there would be no change
with the amplitude with the voltage variation. According to
the impedance spectra, the system maintains its linearity even
at high amplitudes, indicating that the electrode is a good
candidate for high amplitude EIS studies.

Glucose detection

The activity of the enzymatic biosensors is highly dependent
on experimental parameters, including temperature, pH, and
concentration of the coenzyme. After optimization [37], the
best performance of the electrode was achieved at a PBS
pH 7.0, a temperature of 25 °C, and a concentration of
2.5 mM of flavin adenine (FAD).
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Fig. 3 (A, B) SEM images of VACNTs. (C) SEM image of VACNTS after chemical treatment. (D) The histogram of array’s diameter distribution. (E)

ATR-FTIR spectra of VACNTSs before (a) and after (b) chemical treatment

The miniature sensor was employed to detect glucose by
means of electrochemical analysis. In order to study the
electroanalytical activity of the electrode toward glucose
detection, CV measurements were carried out in PBS
pH 7.0 containing 2.5 mM FAD in the absence and pres-
ence of 2 mM of glucose. GOx enzyme was covalently
attached to the tips of VACNTSs. GOx catalyzes the oxida-
tion of glucose in the presence of dissolved oxygen, pro-
ducing gluconolactone and H,O, simultaneously (Eqgs. 2
and 3). To perform as a catalyst, GOx cooperated with
FAD as a redox cofactor. FAD is an electron acceptor and
is reduced to FADH,.
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After the oxidation of H,O, (Eq. 4), the electrode recog-
nizes the number of electron transfers, which is relevant to
the number of glucose molecules in standard and real
samples.

Glucose + GOx—FAD ™ —Gluconolactone

+ GOx—FADH, (2)
GOx—-FADH, 4+ 0,—GOx—FAD + H,0, (3)
H202—>2H+ + 02 + 2¢ (4)
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As shown in Fig. 5a, following glucose addition, the anodic
peak current becomes considerably higher, and the cathodic
peak lower, indicating the electrode’s excellent electrocatalyt-
ic activity for direct electrode transfer of glucose.

The selective detection of glucose in the presence of other
interferences by the dehydrogenase-based biosensor can be
effectively achieved when the electro-oxidation of FADH, is
performed at less anodic potentials. Figure 5b shows the
amperometric-response curve of the electrode toward succes-
sive addition of glucose in 5 ml of PBS solution at the poten-
tial of —0.55 V. Upon injection of glucose, there is a stepwise
increase at the current of electrocatalytic oxidation of glucose
which reaches a stable state with uniform increments. In this
process, H,O, is detected resulting from the oxidation of glu-
cose in the presence of glucose oxide. The average time to
produce a steady-state current in each step was found to be
10 s, meaning that the device can be used as a fast-response
glucose biosensor. Figure 5S¢ shows the calibration curve (cur-
rent vs. concentration) for glucose oxidation.

Based on the slope of the calibration curve, the fabricat-
ed biosensor had a sensitivity of 1462 pA mM ' cm * and
1015 uA mM ' cm 2 at the linear range of 1.2-7.8 uM and

spectra of VACNT electrode at the solution of 4 mM K Fe(CN)g/4 mM
K3Fe(CN)g and 0.1 M KCl in PBS (pH 7.0, 0.1 M) (1:1 mixture). The
spectra were taken at 0.5 Hz to 120 kHz

7.8-11.2 uM, respectively. The detection limit was estimat-
ed to be 23 uM (based on the signal-to-noise ratio (S/N) of
3). The high sensitivity of the glucose biosensor can be
attributed to the high surface area of the electrode, provid-
ing the glucose with better access to active sites of glucose
oxidase.

The higher sensitivity observed at lower concentrations of
glucose can be explained by the fact that due to the enhance-
ment of diffusive effects at low substrate level, even a small
concentration change results in a considerable change in the
electrode response. Moreover, at low glucose level, the local
concentration is quickly depleted at the electrode surface as
GOx changes substrate into product, resulting in high sensi-
tivity toward target molecule detection. At higher glucose
concentration, GOx has been immobilized on the electrode
surface for a more extended time window and reaction pro-
ceeds over a longer period of time. Furthermore, possibility of
surface fouling by the products justifies the lower slope at
higher glucose concentration. To confirm the sensing ability
of the biosensor in real samples, the glucose prepared in hu-
man plasma (100 nM) was added to PBS. Based on Fig. 5d,
the biosensor could only detect glucose in human plasma, and
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Fig. 5 a Voltammogram of the biosensor response in PBS solution
containing 2.5 mM of FAD" in the absence and presence of 2 mM
glucose. b Amperometry response of the electrode to successive
addition of glucose at the potential of —0.55 V in PBS, pH 7.0

there was no response when it was added to sample without
glucose.

The surface area and diffusion coefficient of the glucose
can be calculated using the Cottrell equation (Eq. 5), which

describes a linear relationship between 7 and 7 '/2.

B nFADl/ZCt_l P )
- /2

where A and D are the surface area and diffusion coefficient
of glucose, respectively. Based on the slope of Fig. 6, and
regarding n=1 and D = 7.6 x 10~® cm?/s, the effective surface
area of the electrode is calculated to be approximately
0.024 cm’.

Electrochemical interference analysis
In addition to glucose, human blood contains molecules such

as AA and UA, which their oxidation can interrupt selective
glucose detection. Consequently, the selectivity of the glucose
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Fig. 7 Selectivity of the electrode toward glucose detection at the
presence of UA and AA interferences

sensor is of great importance. The average level of glucose in
blood serum is between 4 and 8 mM, while the average level
of these interferences is no more than 0.1 mM. Figure 7a
shows the response of the electrode upon the addition of
2.0 mM glucose, 0.1 mM AA, and 0.1 mM UA in PBS
pH 7.0, at the potential of —0.55 V. Following the addition
of 2.0 mM glucose, there was a significant rise in amperomet-
ric current response, while the addition of 0.1 mM of UA and
AA caused no change in the amperometric response. The re-
sults showed that regardless of the co-existence of major in-
terferences, the fabricated electrode is highly selective toward
the glucose detection.

Stability and reproducibility of the electrode
Long-term stability of VACNTSs/GOx is assessed by analyz-

ing its anodic peak current in the mixture of 2.0 mM glucose
in PBS pH 7.0, temperature of 25 °C, and intervals of every
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5 days in 60 days. As shown in Fig. 8a, the current of the
electrode retains 88% of the initial current response after
60 days, revealing good mechanical stability of the electrode,
which is due to the characteristics of VACNTSs and proper
immobilization of GOx on the surface of the electrode.
Moreover, the electrode retains more than 80% of its initial
faradic current after 60 days. The results indicate that the
structural stability of the biosensor is suitable for analytical
purposes.

To evaluate the reproducibility in the manufacturing of
the POC devices, eight batches of VACNTs/GOx elec-
trodes were studied under the same experimental condi-
tions (— 1 to 0 V potential window in PBS of pH 7.0
temperature of 25 °C, containing 2 mM glucose). The
results (Fig. 8b) exhibit that the anodic peak currents on
the CVs are close to each other (the calculated RSD was
1.75%) presenting a satisfactory reproducibility of the
electrode.

Real sample analysis

One of the critical attributes of the glucose biosensor is the
ability to distinguish between glucose and interference species
such as UA and AA that coexist in the blood. Besides, its
feasibility for the practical application was further investigated
by real sample analysis by standard addition method. Plasma
samples from healthy volunteers were obtained from the
Iranian Blood Transfusion Organization (Tehran, Iran) and
stored at —20 °C until use and another sample was also ob-
tained from a diabetic patient tested after pretreatment proce-
dure. The tests were not done for 7 to 10 mM, for diabetic
patient due to the fact that these levels were out of linear range
and possibly not happen in real conditions. Based on Table 1,
all relative standard deviations (RSDs) are less than 6% and

§
w

Current (pA)

el et — ——

N

— .

Batch No. of VACNTs/GOx

Fig. 8 a Anodic peak current of VACNT/GOx electrode monitored every 5 days. Inset: the faradic component of anodic current on the electrode. b
Average anodic peak current of the VACNTs/GOx electrode assembled in five batches
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Table 1 Real sample analysis in

human blood plasma Sample Spiked (mM) Found = RSD % (mM) (n=3)
Human Plasmal® 0 4 7 10 nd® 391 (*0.12)  7.03(£0.43) 10.0 (£0.49)
Human Plasma2® 0 4 7 10 nd® 396 (£0.16) 699 (£0.25)  9.9(+0.34)
Human Plasma3®* 0 4 7 10 nd® 4.07 (£0.25)  7.02(£043) 10.0 (£0.23)
Human Plasmad® 0 4 - - 7.13 (£0.11)  11.3(x0.34) - -

2 Sample from a healthy volunteer. ® Sample from diabetic patient. ® Not detected

relatively close to the spiked amounts, demonstrating that the
electrode is capable of detecting glucose in human plasma
samples with an acceptable level of accuracy.

Comparison with other methods

Performance and analytical characteristics of the biosensor
along with some other electrodes are summarized in Table 2.
In comparison to other methods, the developed biosensor has
a higher sensitivity, a comparable limit of detection, and an
appropriate linear detection range with respect to glucose con-
centration in human blood plasma. The results also demon-
strate that the biosensor is highly selective toward glucose at
the presence of interferences. Moreover, compared to other
methods, fabrication of developed biosensor is easier and less
expensive, providing a miniaturized, cost-effective, and por-
table system for accurate detection of glucose in biological
samples, which even non-experienced people can use for an-
alytical purposes.

Performance and analytical characteristics of the biosensor
along with some other electrodes are summarized in Table 2.

Conclusion

In summary, a novel, portable diagnostic device based on
VACNTSs was developed and successfully applied for the
detection of glucose in human blood plasma samples
(RSD < 6%). By integrating a micro-size biosensor, a
low-cost potentiostat, and a miniature syringe pump in
tandem with a microfluidic chamber, a POC assembly
was achieved and applied for determining glucose in bio-
logical samples. The results of FESEM and EIS analysis
confirm the desired characteristics of the biosensor.
Owing to the efficient electron transfer, based on the am-
perometric results, the fabricated electrode has a low de-
tection limit of 23 uM (S/N=3), sensitivity of
1462 uA mM ' cm 2 at the linear range of 1.2-7.8 uM,
and sensitivity of 1015 tA mM ' cm 2 at the linear range
of 7.8-11.2 uM. In addition, it has the advantages of anti-
interference capability, high reproducibility (RSD =
1.75%), and good stability. Considering the urgent need
for available and reliable miniature systems, our biosensor
is compatible with miniaturized systems and is a potential
detection platform for POC testing.

Table 2 Comparison of the analytical parameters of the VACNTS/GOx electrode with some other glucose biosensors

Electrode Detection E (V)" LDR (mM)  Detection Sensitivity Detection method Ref
limit (uM) (uA/mM/cmz)
GOx-GO-SH-Au-SPE - 3-9 319.4 3.17 CvV [49]
GOx/Pt/rGO/P3ABA/SPE 0.5 0.25-6 443 22.01 Amperometry [50]
Polyacrylonitrile/Au/GOx/CNT —0.45 1-30 4 0.47 Amperometry [51]
PTTzFr/GOx on graphite -0.7 0.005-0.7 0.012.8 65.44 Amperometry [52]
(CS-GLM)7-GCE - 0.01-10 1.31 - (0% [53]
PAA-rGO/VS-PANI/LuPc2/GOx-MFH 0.3 2-12 25 15.31 Amperometry, CV  [54]
GOx/Pt-MWCNTSs/CSF 0.65 0-5 50 288.86 Amperometry, CV [55]
Chitosan/GOx/gold 0.4 1-20 1.83 580 CvV [56]
PdNi@rGO 0.5 0.025-12 0.052 40.9 (0% [57]
VACNTSs/GOx -0.55 1.2-7.8 23 1462 CvV This work
7.8-11.2 1015

! At lower potentials, the possibility of oxidation of interference is less than at higher potentials, which results in higher selectivity
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