\

é@ chemosensors

Article

An Enzymatic Multiplexed Impedimetric Sensor Based on
ax-MnO,/GQD Nano-Composite for the Detection of Diabetes
and Diabetic Foot Ulcer Using Micro-Fluidic Platform

Ashish Mathur 129, Hari Chandra Nayak 3, Shailendra Rajput **{, Souradeep Roy !, Shalini Nagabooshanam 5,
Shikha Wadhwa © and Ranjit Kumar °

check for

updates
Citation: Mathur, A.; Nayak, H.C.;
Rajput, S.; Roy, S.; Nagabooshanam,
S.; Wadhwa, S.; Kumar, R. An
Enzymatic Multiplexed Impedimetric
Sensor Based on x-MnQO,/GQD
Nano-Composite for the Detection of
Diabetes and Diabetic Foot Ulcer
Using Micro-Fluidic Platform.
Chemosensors 2021, 9, 339.
https:/ /doi.org/10.3390/
chemosensors9120339

Academic Editors: Ilaria Rea, Luca De
Stefano, Rosalba Moretta and

Bruno Miranda

Received: 23 October 2021
Accepted: 30 November 2021
Published: 2 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Centre for Interdisciplinary Research and Innovation (CIDRI), University of Petroleum and Energy Studies,
Dehradun 248007, India; nanoashish@gmail.com (A.M.); souradeep.roy@ddn.upes.ac.in (S.R.)
Department of Physics, University of Petroleum and Energy Studies, Dehradun 248007, India

3 Department of Physics, Maharaja Chhatrasal Bundelkhand University, Chhatarpur 471001, India;
drhc.nayak@mp.gov.in

Department of Electrical and Electronic Engineering, Ariel University, Ariel 40700, Israel
Department of Engineering Design, Indian Institute of Technology Madras, Chennai 600036, India;
011322@imail iitm.ac.in

Department of Chemistry, University of Petroleum and Energy Studies, Dehradun 248007, India;
shik. wadhwa@gmail.com (S.W.); ranjit. kumar@ddn.upes.ac.in (R.K.)

*  Correspondence: shailendrara@ariel.ac.il

Abstract: Diabetes is widely considered as a silent killer which affects the internal organs and ul-
timately has drastic impacts on our day-to-day activities. One of the fatal outcomes of diabetes is
diabetic foot ulcer (DFU); which, when becomes chronic, may lead to amputation. The incorporation
of nanotechnology in developing bio-sensors enables the detection of desired biomarkers, which
in our study are glucose and L-tyrosine; which gets elevated in patients suffering from diabetes
and DFUs, respectively. Herein, we report the development of an enzymatic impedimetric sensor
for the multi-detection of these biomarkers using an electrochemical paper-based analytical device
(u-EPADs). The structure consists of two working electrodes and a counter electrode. One work-
ing electrode is modified with a-MnO,-GQD/tyrosinase hybrid to aid L-tyrosine detection, while
the other electrode is coated with «-MnO,-GQD/glucose oxidase hybrid for glucose monitoring.
Electrochemical impedance spectroscopy has been employed for the quantification of glucose and
L-tyrosine, within a concentration range of 50-800 mg/dL and 1-500 umol/L, respectively, using a
sample volume of approximately 200 puL. The impedance response exhibited a linear relationship over
the analyte concentration range with detection limits of ~58 mg/dL and ~0.3 pmol/L for glucose
and tyrosine respectively, with shelf life ~1 month. The sensing strategy was also translated to
Arduino-based device applications by interfacing the u-EPADs with miniaturized electronics.

Keywords: diabetes; diabetic foot ulcer; a-MnO, /GQD nano-composite; p-EPADs; multiplexed
monitoring; point-of-care

1. Introduction

The widespread outburst of diabetes has become a major concern, which is often
termed as a silent killer, while also being considered the seventh alarming factor leading to
an increased mortality rate. The worldwide prevalence has been estimated at 9% and is
expected to rise to 10.4% by 2040 [1]. As per estimates, 7% of the population in India suffers
from diabetes with the daily management of the condition and its complications placing
a severe burden on healthcare resources [2]. One of the life-threatening consequences
of diabetes is the occurrence of diabetic foot ulcers (DFUs). DFUs may be defined as
the inflammation and infection of deep tissues which are associated with neurological
abnormalities and various degrees of vascular disease in the lower limbs of humans [3].
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The occurrence of DFUs is attributed to the application of high pressure, due to daily
activities, in the feet of people suffering from diabetic peripheral neuropathy (DPN) [4-6],
while several studies have also reported that low activity in patients suffering from DPN
leads to DFU [7-9]. They are the major reasons for hospitalization since 34% of diabetics
develop DFUs whereby another 50% need to undergo amputation(s), thereby impacting
mobility and day-to-day activities which have placed a severe burden on already stretched
resources [10,11]. While monitoring of diabetes has primarily been accomplished using
the key biomarker—glucose, the conventional procedures for monitoring DFUs include
Semmes-Weinstein monofilament, 128 Hz tuning fork, color Doppler, MRI, and temperature
based methods [12]. However, these protocols cannot predict the occurrence of DFUs
during its onset due to which the wound is allowed to become chronic and comorbid. A few
more major disadvantages of these techniques include higher cost and time consumption.
Search and discovery of differentially expressed indicators, such as biomarkers, has become
imperative for the early monitoring of many diseases [13]. This also stands for DFU-specific
biomarkers for its early monitoring.

Among various metabolites available in the wound fluid, the concentration of L-
tyrosine becomes elevated from 67 to 311 uM [14]. Therefore, early and rapid monitoring
of tyrosine quantities can effectively predict the occurrence of foot ulcers (DFUs) during
their onset. The conventional implementation of high-performance liquid chromatography,
chromatography—mass spectrometry, and capillary electrophoresis [15-17] suffer from
issues, such as high cost, slow response, and expensive reagents, which currently limit
their use. However, the extremely high prevalence of diabetes and resulting probability
of occurrence of DFUs urges us to move towards developing a multiplexed platform
whereby the patients will have options to monitor diabetes as well as predict the onset
of foot ulcers. Such a miniaturized biosensor, when commercialized, would not only
enable multiparametric monitoring but also ensure faster patient-doctor interactions so
that timely diagnosis and treatment can be availed. This is possible by the incorporation
of nanostructured materials as surface modifiers in electrochemical biosensors, the latter
being highly efficient and sensitive as compared to optical and mass-based transducers.

Electrochemical nanobiosensing has been widely employed due to its simplicity,
the potential for miniaturization, and rapid and stable response within a wide analyte
concentration range [18-21]. Such features are primarily owed to the high surface area
and quantum confinement effects of nanomaterials, which help in enhanced receptor
immobilization and heterogeneous charge transfer that can potentially improve the overall
device sensitivity and accuracy. Therefore, such bio-nanohybrid surfaces can be easily
integrated onto flexible electrode platforms which have received huge attention in PoC-
based healthcare monitoring [22]. Furthermore, IDTechEx have projected the market price
of printed and flexible electrochemical sensors to reach an outstanding $8 billion mark by
2025 [23]. Such sensing platforms offer advantages, such as high stretchability, extremely
lightweight, low cost, portability, easy disposability, and provisions of integration with
miniaturized electronics for real-time data analytics [23].

Of various nanomaterials, the composite of x-MnO, /graphene quantum dots (GQDs)
has garnered much focus owing to the excellent catalytic and semiconducting properties of
MnO, octahedral molecular sieves, along with exotic properties of GQDs. Few studies have
focused on the application of MnO, /GQDs in supercapacitors [24] and the development of
fluorescence-based nanosensors for glutathione detection [25]. Meanwhile, the application
of this nanocomposite towards developing a multiplexed sensing device has not yet
been explored.

It is envisaged that the high surface area (and conductivity) of a-MnO, and GQDs,
with the presence of native carboxyl groups in the latter, would enable the immobilization of
glucose oxidase (GOx) and tyrosinase enzymes; which can lead to selective electrocatalysis
for the detection of glucose and tyrosine, by enabling faster heterogeneous electron transfer
due to quantum confinement effects. We believe that developing a portable device capable
of monitoring diabetes and DFUs, as a function of glucose and tyrosine, is enormously
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essential in identifying high-risk diabetics so that timely diagnosis and treatment can be
availed for positive outcomes; since such a device is not yet available in the market.

2. Materials and Methods
2.1. Chemicals and Reagents

All the chemicals used in our research were of analytical grade and did not require fur-
ther purification. L-tyrosine, citric acid, and sodium hydroxide (NaOH) were obtained from
Sisco Research Laboratories Pvt Ltd., Mumbai, Maharashtra, India. Sodium di-hydrogen
orthophosphate, di-sodium hydrogen orthophosphate, potassium ferrocyanide, and potas-
sium ferricyanide were obtained from Fisher Scientific Pvt Ltd., Gujarat, India. Sodium
chloride, potassium permanganate (KMnQOy), nitric acid, manganese chloride (MnCl,),
and isopropyl alcohol (IPA) were obtained from Merck Life Science Pvt Ltd., Karnataka,
Bengaluru, India while tyrosinase, glucose oxidase, and D-glucose were purchased from
Sigma Aldrich, St. Louis, MO, USA. Carbon conducting ink (resistivity ~50 k() cm) and
210 GSM (gram per square meter) A3 sheets were purchased from Nanoshell Pvt. Ltd.,
Wasatch Front, UT, USA and IndiaMART InterMESH Pvt. Ltd., Noida, India, respectively.
All experiments were conducted in de-ionized (DI) water of ~18.2 M() cm resistivity.

2.2. Synthesis of Graphene Quantum Dots (GQDs)

GQDs were synthesized as per the protocol reported by Dong et al. [26]. Citric acid
(2 gm) was suspended in 25 mL DI water and was heated to 200 °C. The liquified solution
was observed to undergo a transition from colorless to pale yellow after 5 min, eventually
turning orange after 30 min which confirmed the synthesis of GQDs. The resulting solution
was carefully added to 10 mg/mL of NaOH while ensuring vigorous stirring. The pH was
eventually adjusted to pH 7.0 in order to yield an aqueous solution of GQD.

2.3. Synthesis of a-MnO,/GQD Nanocomposite

Initially, MnCl, aqueous solution was made by adding ~6 g of the compound in
17 mL double distilled water (DDW) (solution A). For solution B, 3.475 g KMnO, was
added in 56 mL DDW followed by 1.7 mL concentrated HNOj3. This process essentially
ensures the synthesis of x-MnO, as reported by Dubey et al. and Kumar et al. [27,28]. The
next step involves the addition of GQD solution (5 mL) into solution A under 20 min of
ultrasonication, followed by dropwise addition of solution B into solution A under stirring
conditions. The mixture thus obtained was refluxed for 16 h at 100 °C, yielding a dark
brownish precipitate. The latter was filtered and thoroughly washed with DDW (double
distilled water) in order to obtain pH 7.0. The resulting sample (x-MnO,/GQD) was left
for drying at 120 °C for 12 h, and finally calcined at 300 °C for 6 h.

2.4. Characterization of a-MnO,/GQD Nanocomposites

The morphological analysis was performed using a Zeiss EVO18 scanning electron
microscope for powdered samples at a voltage of 10 kV interfaced with an EDX (en-
ergy dispersive X-ray) module. Further clarity on the morphology of the nanocomposite
was achieved from transmission electron microscopy (TEM), which was performed at a
beam energy of 120 keV. On the other hand, molecular fingerprint and functional group
identification were analyzed using Fourier transform infrared spectroscopy (FTIR) within
4000-500 cm 1. The spectrum was recorded by Perkin Elmer FTIR L125000P interferometer.

2.5. Sensor Fabrication

The paper-based electrodes were fabricated by printing using a silk screen consisting
of a laser-patterned solid film comprised of the electrode designs [20]. The resulting screen
was then placed on top of the 210 GSM (gram per square meter) A3 cellulose sheets having
dimensions 3 cm x 1.5 cm X 0.5 mm (approx.), and carbon conducting ink was pressed
using a squeegee, eventually generating the two working (diameter ~1 mm each) and one
counter electrode patterns. The resulting multiplexed sensing strip is shown in Figure 1
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below, where the subsequent steps for sensor fabrication are highlighted. The conducting
ink-printed paper electrodes were allowed to dry at room temperature for 1 h before
employing in electroanalytical sensing of glucose and tyrosine.
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Figure 1. Steps involved in the fabrication of microfluidic multiplexed paper-based sensing strip.

The working electrodes (~1 mm diameter) were initially modified with 2 puL «-
MnO,/GQD, the latter being prepared as a suspension of 30% in IPA. After allowing
the working electrodes to dry at room temperature for 30 min, 2 uL. of GOx and tyrosinase
enzymes were immobilized onto the nano-modified working electrodes (WE-1 and WE-2,
respectively), for selective electro-catalysis of glucose and tyrosine, respectively (Figure 1).
Specifically, GOx oxidizes glucose to gluconolactone while tyrosinase catalyzes tyrosine by
initiating a redox cycling between O-quinone and hydroquinone. The sensing strips were
then stored at 4 °C for 24 h followed by implementation in electrochemical sensing analysis.

3. Results
3.1. Surface Characterization of x-MnO,/GQD Nanocomposites

The morphology analysis in Figure 2a reveals uniformly distributed nanostructures of
a-MnO, possessing nanofibrous features. The average length and diameter of x-MnO,
nanofibers were ~1 pm and ~45 nm, respectively, which are consistent with earlier re-
ports [29].

Meanwhile, the presence of Mn and C, corresponding to «-MnO; and GQD, respec-
tively, is confirmed from EDX mapping shown in Figure 2b, which is the first indication of
nanocomposite formation. The TEM micrograph of Figure 2¢, which has been captured on
a single nanofiber, indicates layered structures of the x-MnO, /GQD nanocomposite. It is
possible to confirm that the presence of graphitic structure is attributed to the formation
of several thick layers arranged in stacks. Furthermore, the oxidation of graphite layers
resulted in morphology variations, as observed by the presence of wrinkled appearance
with several folds. It can be observed that this product consists of nanosphere /nanofiber
hierarchical nanostructures with an average nanodot diameter of ~10 nm. The FTIR spec-
trum of #-MnO,/GQD nanostructures, as shown in Figure 2d, demonstrated a broad
envelope between 3400 and 3000 cm !, corresponding to OH stretching vibrations. The
doublet around 500 cm ™! and a singlet peak at 718 cm ™! can be attributed to the Mn-
O bending modes of octahedral MnOg structures [30]. While the presence of GQDs in
the fiber matrix was confirmed by the C=C and C-O bending vibrations in the graphitic
plane at 1580 cm~! and 1377 cm !, respectively [31], thereby confirming the formation of
MnO,/GQD nanocomposites.
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Figure 2. (a) SEM micrograph recorded at 20 keV; (b) EDX spectrum; (c¢) TEM image obtained at
120 keV; (d) FTIR spectrum obtained within 4000-500 cm ! of -MnO,/GQD nanocomposites.

3.2. Electrochemical Multiplexed Monitoring of Glucose and Tyrosine
3.2.1. Sensor Stages Response

The fabrication of paper-based multiplexed detection strip was confirmed by perform-
ing EIS within 100 Hz-1 MHz, at a sinusoidal amplitude of 100 mV, as shown in Figure 3.
The electrolyte chosen for this study was the typical ferrocyanide probe ([Fe(CN)]>~/4~,
5 mM) prepared in phosphate buffer saline (PBS—0.1 M, pH 6.4) [2].

40
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Figure 3. Impedimetric response during various stages of sensor surface modification at (a) WE-1;
(b) WE-2 of the multiplexed strip (WE: working electrode).

The overall sample volume employed in the paper-based sensor is 200 pL. It can be
observed that the charge transfer resistance (R.t) increases when WE-2 is connected to the
impedance analyzer via a counter electrode. As mentioned in Section 2.5, GOx and tyrosi-
nase enzymes were immobilized on «-MnO; /GQD-coated working electrodes: WE-1 and
WE-2, respectively, with the latter further away from the counter electrode (Figure 1). This
situation effectively increases the electron path-length (1), thereby proportionally increasing
the path resistance (R « 1). Considering the bare (unmodified) electrode, the R can there-
fore be observed to increase from ~30 to ~60 k(2 at WE-1 and WE-2, respectively. Meanwhile
in both cases, coating the electrode surfaces with x-MnQO, /GQD nanocomposites decreases



Chemosensors 2021, 9, 339

6 of 12

the Rt to ~27.5 k) and ~55 k() at WE-1 and WE-2, respectively. This is primarily due
to the enhanced surface area of the nanocomposites leading to increased heterogeneous
electron transfer [32]. However, immobilizing the modified electrode surfaces with GOx
and tyrosinase enzymes drastically increases Rt to 32.5 k() and ~65 k() at WE-1 and WE-2,
respectively. Such phenomenon can be attributed to the electrode passivation effect by
biomolecules which impede the electron transfer at electrode-electrolyte interface [33]. It
must be noted that the occurrence of half semi-circle in Figure 2, in the high frequency
region to the left, indicates decreased Cg; (or increased Z”, since Z” o Cq; ') [34,35] due
to poor dielectric constant of cellulose paper substrates (Cq; « ¢). However, the distinct
impedance response observed at each step of sensor fabrication indicates the successful
development of the multiplexed paper-based diabetes and DFU monitoring strip.

3.2.2. Analytical Performance of Multiplexed Sensor: Benchtop EIS Calibration

The multiplexed monitoring of diabetes and DFUs, as a function of glucose and
tyrosine concentrations, were initially assessed with EIS technique within 100 Hz-1 MHz
at a small signal amplitude of 100 mV, in PBS-[Fe(CN)s]*/4 (0.1 M/5 mM, pH 6.4). The
corresponding Nyquist spectra are shown below in Figure 4a,b.

101 (a) 25(b)
1 pmol/L.
8/ 201 4
. 500 pmol/L
g 61 15
N 4] 50 mgraL 104
t
21 800 mg/dL 51
0 - ; : ; .
0 - : - ;
0 5 10 15 20 0 10 20 ' 30 40 50
Z' k) Z' (kQ)
20 45
9 R’ =0.986 40
35
g 164 a 30
= =
N ;" 25
12/ 20
(c)
. - 154 v T
0 300 600 900 1 10 100 1000
¢ (mg/dL) ¢ (umol/L)

Figure 4. Nyquist spectra obtained from electrocatalytic sensing of (a) glucose within 50-800 mg/dL;
(b) tyrosine within 1-500 pmol /L and sensor calibration at 10 kHz for (c) glucose; (d) tyrosine monitoring.

Firstly, the occurrence of half-semicircular arcs seems to be preserved as observed in
Figure 3, which is primarily due to the poor dielectric constant of the paper substrate. The
corresponding Z” thus increases at lower analyte concentrations, thereby reducing Cyq;. The
latter is also affected by the electrocatalysis of glucose and tyrosine by GOx and tyrosinase
respectively. At higher concentrations, the electro-oxidation of glucose to gluconolactone
as well as redox cycling between O-quinone and hydroquinone [21,36] (Figure 1) is rapidly
enhanced, thereby generating a huge number of electrons which can traverse across the
electrode-electrolyte interface. As a result, the Rt at such higher concentrations decreases
to ~11.2 kQ) and ~16 kQ) at 800 mg/dL and 500 pmol /L, respectively. The rapid electron
transfer essentially charges the electrical double layer, which then leads to high Cy; (or
low Z”) [2]. Conversely, at lower concentrations, the electrocatalytic electron transfer
drastically reduces which results in increased R—highlighting poor interface kinetics.
This is observed from Rt ~ 18 k() and 40 k() at 50 mg/dL and 1 umol/L, respectively. In
such a scenario, the double layer charging decreases and hence leads to increased Z”. It can
also be observed from Figure 4a,b that R for tyrosine detection is comparatively larger
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than that for glucose, which is primarily attributed to the inherent geometry of sensing
strips as mentioned in Sections 2.5 and 3.2.1.

The developed paper-based microfluidic multiplexed sensor was calibrated at 10 kHz
for monitoring both glucose and tyrosine (Figure 4c,d), whereby the electrocatalytic pro-
cess is unique for each of these analytes. The resulting sensor calibration yields a linear
response between Z' (R¢t) and analyte concentration within 50-800 mg/dL (glucose) and
1-500 pumol/L (tyrosine), with goodness-of-fit measures (R?) of 0.986 and 0.988, respectively.
The LoD and sensitivity of the multiplexed sensor towards glucose and tyrosine detection
are highlighted in Table 1.

Table 1. Comparison of LoD and sensitivity towards glucose and tyrosine detection using benchtop
EIS calibration.

Analyte LoD Sensitivity
Glucose 58.30 mg/dL 13.11 kQ/mg dL~! /mm?
Tyrosine 0.31 umol/L 0.71 kQ/pmol L1 /mm?

The excellent multiplexed sensing performance obtained using benchtop EIS calibra-
tion further motivated us to integrate the developed microfluidic platform with miniatur-
ized electronics.

3.2.3. Implementation of Multiplexed Sensing Strip towards Portable Device Applications

The electrochemical multiplexed monitoring of glucose and tyrosine was performed
within 50-800 mg/dL and 1-500 umol/L, respectively in PBS/ [Fe(CN)s]*~74~ (0.1 M/5 mM,
pH 6.4), using a portable resistive device at 5V DC. A similar strategy was adopted in our
previous study [37], and is schematically shown in Figure 5.

Diabetes & Foot Ulcer
Monitoring Device

Select The comourd

_ TYROSINE

R

Figure 5. Snapshots of (a) integration of multiplexed sensing strip with portable device; (b) actual
image of portable palm-sized device; (c) the display unit of the detection module.

The portable pocket-friendly device is programmed using the Arduino UNO micro-
controller board by employing a typical voltage divider network. The latter is primarily
used to reduce the supply voltage (5V DC) at the working electrodes (to ~300 mV) to avoid
electrolysis and enzyme denaturation. The display unit consists of a touch-screen enabled
TFT (thin film transistor) module which highlights the analytes (glucose and tyrosine) to
be monitored as a function of sensor resistance. The rationale involves initial indications
of diabetes followed by predicting the occurrence of DFUs. However, diabetic patients
can directly opt for monitoring tyrosine to avoid the exacerbating consequences of DFUs,
thereby having a huge probability of availing timely diagnosis and treatment.

The sensing performance of the portable resistive device towards multiplexed detec-
tion of glucose and tyrosine is shown in Figure 6.



Chemosensors 2021, 9, 339 8 of 12

255 (b) 2 i
2501 (a) R = 0982 Glucose 2601 R’=0.982 Tyrosine
255
5 245 a
2 X 250
b 240 3 o
235 245
230 240
225 ; .
0 300 600 o00 27 10 100 1000
¢ (mg/dL) ¢ (umol/L)

Figure 6. Sensing performance of portable resistive module towards monitoring (a) glucose; (b) tyro-
sine at 5V DC supply.

It is interesting to note that the linear nature towards multiplexed sensing of glucose
and tyrosine is preserved after interfacing the sensor strip with a portable Arduino UNO-
programmed device. The linear range was found to be the same as with benchtop EIS
calibration, that is 50-800 mg/dL (glucose) and 1-500 pmol/L (tyrosine), with goodness-
of-fit measure (R?) of 0.982. The LoD and sensitivity of the portable resistive multiplexed
sensor towards glucose and tyrosine detection are highlighted in Table 2.

Table 2. Comparison of LoD and sensitivity towards glucose and tyrosine detection using Arduino
UNO based portable device.

Analyte LoD Sensitivity
Glucose 55.51 mg/dL 0.29 kQ)/mg dL~1/mm?
Tyrosine 0.87 umol/L 2.21kQ/pmol L~1/mm?

It is also interesting to observe that the developed Arduino-based portable resistive
device generated LoD almost similar to that obtained using the benchtop calibration
method, thereby validating the overall multiplexed detection of diabetes and DFU as a
function of glucose and tyrosine concentrations, respectively. However, a comparison
of the developed portable multiplexed sensor in terms of current status, highlighting its
prospects towards PoC monitoring, with respect to few existing ones is shown in Table 3.

Table 3. Comparison of developed portable nanosensor, highlighting its current status with respect
to few reported multiplexed platforms.

Sensor Surface Detection Technique = Remarks Reference
. Benchtop
Silica encapsulated Au SERS calibration, image [38]
nanospheres .
analysis
Polydopamine encapsulated Benchtop
yaop . P SERS calibration, image [39]
Au nanoparticles .
analysis
1 Benchtop calibration,
Streptavidin-CdSe/ZnS ECL longer wait time/ [40]

uantum dots . . .
Q incubation time

Benchtop calibration,

high applied potential 411

PAMAM quantum dots ECL
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Table 3. Cont.

Sensor Surface Detection Technique = Remarks Reference

Benchtop calibration,

Gold nanoparticles FC . . [42]
image analysis
Device-level
calibration, Current
o-MnO, /GQD EC faster response, cost-
. Work
effective tests, scaled
till TRL-5

Au: gold, CdSe/ZnS: cadmium selenide/zinc sulfide, PAMAM: polyamidoamine, SERS: surface enhanced Raman spec-
troscopy, ECL: electrochemiluminescence, FC: flow cytometry, EC: electrochemical, TRL: technology readiness level.

3.2.4. Selectivity and Shelf-Life Analysis

The effect of potential interferants on the portable sensor performance is shown in
Figure 7a,b. Ascorbic acid (AA) and uric acid (UA) were chosen as the potential interferants
since they are common fluid metabolites. The concentration of AA and UA were chosen
as 10 uM and 400 uM, respectively. It can be observed that AA and UA generate unique
resistance responses, which can be easily distinguished from that of glucose (800 mg/dL)
and tyrosine (500 uM) alone. Upon mixing the potential interferants with the target
analytes, and spiking them in human serum, it is observed that there is an insignificant
deviation in resistance response as seen solely in the case of glucose and tyrosine. Therefore,
it can be concluded that the developed Arduino-based multiplexed sensor response does
not get affected under the presence of potential metabolites.

500
4004 (a) 400. (b)
300+
g §300-
% 200- 5001
100+
Glu Serum AA UA Tyr Serum AA UA
Metabolites Metabolites
300
25 (€) _(d)
200+
g 150+
® 100
50
0-05101520253035 0-05101520253035

Days Days

Figure 7. Effect of potential interferants towards the detection of (a) glucose; (b) tyrosine. The bar
“Serum” indicates a mixture of target analytes with interferants spiked in human serum. Shelf-life
analysis indicating stability of sensor towards (c) glucose; (d) tyrosine detection.

Figure 7c,d indicates the stability of the developed portable multiplexed sensing
device over a period of 35 days, at intervals of 5 days. It can be observed that the sensor
response remains fairly stable up to 25 days, thereby establishing the shelf-life within the
specified period, beyond which the sensing strip gets fouled due to enzyme denaturation.
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4. Conclusions

An electrochemical microfluidic paper-based sensor for the multiplexed detection
of diabetes and diabetic foot ulcer is developed in this study. This essentially works on
the enzymatic electrocatalysis of glucose (diabetes) and tyrosine (DFU) resulting in het-
erogeneous electron transfer, which has been calibrated to specific analyte concentrations.
Nanocomposite of x-MnO,/GQD was coated onto carbon screen-printed working elec-
trodes (diameter ~1 mm), which were further modified by glucose oxidase and tyrosinase
enzymes. The benchtop calibration resulted in a linear response within 50-800 mg/dL
and 1-500 umol/L for glucose and tyrosine, with LoDs of ~58 mg/dL and ~0.3 pmol/L,
respectively. The platform was further integrated with miniaturized electronics using an
Arduino-based microcontroller. The resulting portable resistive sensor accurately detected
the presence of glucose and tyrosine at 300 mV DC within the same concentration range,
yielding LoDs of 55.51 mg/dL and ~0.87 umol/L, respectively, which are similar to that
observed in the benchtop EIS technique. The sensor response did not get perturbed in the
presence of potential interferants, while being stable for 25 days. It can hence be concluded
that the portable multiplexed nano-sensor based on a microfluidic platform is highly
suitable for early diagnosis of diabetes and eventual prediction of occurrence of DFUs,
thereby fitting extremely well within the point-of-care scenario. The future prospect of the
developed platform can be extended towards monitoring microbial activity as well in the
foot ulcerated site. Specifically, chronic foot ulcers become home for microbial infections,
especially by Staphylococcus Aureus (S. Aureus), and as such the complete monitoring
of DFUs is of extreme importance. Such a sensing device which can perform multiplexed
monitoring of glucose, tyrosine, and S. Aureus can yield a complete package towards dia-
betes and DFU monitoring, which can eventually be envisaged to be marked development
in the biomedical sector for wound monitoring using a point-of-care platform.
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