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ARTICLE INFO ABSTRACT
Keywords: This article reports a facile fabrication of a highly sensitive enzyme-free sweat glucose sensor over Whatman
Paper-based sensor filter paper substrate employing a dual-step pencil and pen approach. Initially, two pencil-drawn electrodes

Glucose sensing
Pencil-drawn electrodes
Hand-drawn sensing layer
Copper nanoparticle ink

(PDEs) are obtained on the filter paper through the manual abrasion of an 8B graphite pencil. Then, the sensing
layer is drawn over one of the PDEs using a custom-made copper (Cu) nanoparticle ink (CuNP-ink) pen to form
copper nanoparticle ink decorated PDE (CuNP-ink/PDE) which serves as a working electrode, while the other
PDE is drawn with silver conductive ink (Ag-ink) pen to form reference electrode. The developed CuNP-ink/PDE
is composed of 43.5% of metallic Cu nanoparticles, inducing a highly crystalline and conductive nature, thus
promoting fast electron transfer during glucose electrooxidation. The developed sensor offers a sensitivity of
2691.7 yAmM ‘cm 2, a detection limit of 0.5 pM, a linear range of 1.2-40 pM, and a fast response time of ~ 1.5
s. Besides, the sensor measurements are stable, reproducible, and selective in glucose sensing. Also, the reliability
of the sensor is tested by comparing its performance with a UV-Visible spectrophotometer for proving its efficacy
in sweat glucose detection. Experimental results evince the effectiveness of the designed sensor for glucose
detection in human sweat.
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1. Introduction

Diabetes mellitus has been emerging as the most severe form of
chronic epidemic across the globe [1,2]. A study conducted by Inter-
national Diabetes Federation (IDF) estimated that approximately 194
million people across the globe, or 5.1% in the adult population, have
diabetes and this number is projected to hike up to 333 million, or 6.3%,
by 2025 [3]. It is a well-known fact that the root cause of diabetes
mellitus is linked with uncontrolled regulation of glucose levels in the
body [4]. Therefore, frequent monitoring of glucose is vital for the
prevention of fatal health problems such as cardiovascular and kidney
diseases, strokes, blindness, neuropathy, etc. [5-7]. Conventional
method for glucose assessment employs an invasive finger-pricking
procedure for blood extraction which is painful and inconvenient to
the patient [8]. Besides, the use of sophisticated laboratory equipment
and the involvement of trained laboratory personnel [7] for quantifying
blood glucose further limits the traditional approach and exerts a
high-cost burden on the population. In such cases, assessments ensuring
non-invasive, low-cost, and effective glucose detection utilizing bio-
fluids such as sweat is the most demandable [9,10]. Also, a strong cor-
relation between glucose levels in blood and sweat further permits the
use of sweat as an alternative biofluid for continuous tracking of glucose
levels for the prevention of diabetes mellitus [11]. Thus, sweat offers a
low-cost and reliable means of glucose detection for improving patients’
health.

Sweat is an important biological fluid easily accessible from the
body. It has rich contents of biomarkers including biomolecules
(ascorbic, uric acid, etc.), metabolites (glucose, urea, etc.), electrolytes
(Nat, K*, Cl7, etc.), and proteins [12] that provide relevant physio-
logical information regarding individual health fitness. Thus, the
assessment of sweat glucose provides a continuous track of diabetes and
proper management of other associated health risks [13]. Recently, the
advancements in sweat-based electroanalytical sensing technologies
have enabled the design and development of flexible sensing platforms
for accurate detection of glucose [14,15]. Moreover, due to the ease of
non-invasive collection, sweat-based electrochemical techniques are
getting wider attention for developing reliable and affordable glucose
sensors with excellent selectivity, high sensitivity, and rapid response
time. For instance, Gao et al. [16] track the metabolites and electrolytes
in human sweat using a wearable patch. Wang et al. [6] employed sweat
for glucose detection using a thin-film polyethylene terephthalate elec-
trochemical biosensor. Besides, other glucose sensors include
iontophoresis-based skin interstitial fluid sensor [17], and epidermal
electrochemical-based sensor [18] for sweat glucose monitoring through
proper harvesting and treatment [11]. Despite the consistent perfor-
mance, such sensors suffer challenges due to their low concentration
volume which necessitates the use of highly sensitive techniques for
glucose evaluation.

The effectiveness of the sensor depends on the choice of the proper
substrate. Typical flexible substrates used in non-invasive biosensors
such as polyethylene terephthalate [19], polyimide [20], poly-
dimethylsiloxane [21], polyurethane [22] and polymethyl methacrylate
[23] accumulate sweat and provides inaccurate detection of biomarkers
due to the mismatch between substrates and epidermis [24]. To address
such an issue, Whitesides et al. [25] introduced the first Paper-based
Analytical Devices adopting cellulose paper substrate. Such substrates
offer absorption and dispersion of sweat owing to its inherent capillary
action, thus facilitating the analysis of low volume samples [26].
Moreover, paper substrate enables fabrication of microfluidic channels
through hydrophilic and hydrophobic process [27], inkjet printing [28],
wax printing [29] and photolithography [30]. Another inherent char-
acteristic of the paper substrate is softness and foldability that provides
ease of fabrication in getting simplified and cost-effective testing probe
[31]. Besides, the roughness of the paper is a crucial parameter for
fabricating pencil-drawn electrodes (PDEs) [32]. Due to high roughness
between 1 and 5 pm [33], Whatman filter paper serves as a suitable
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substrate for the pencil-drawn electrode, thus, promoting exfoliation of
the pencil graphite rod for the deposition of continuous conductive
graphite layers [34] with optimal electrical conductivity [35]. The
process of direct writing on paper is advantageous since the sensitive
material layer can be directly deposited by simple abrasion of graphite
pencil on the paper substrate for getting simplified and cost-effective
sensing probes [32]. Therefore, with researchers continuously
exploring new electrode fabrication techniques, the focus has turned
towards hand-drawn PDEs, where one can draw their electrode
contributing to an extremely economical approach to producing elec-
trochemical sensing platforms [36,37].

Non-enzymatic glucose sensors employing metal nanoparticle or
carbon nanomaterial-based electrodes outweigh the challenges suffered
by their enzymatic counterpart [38,39]. Enzymatic sensors employing
glucose oxidase (Gox) offer good sensitivity and selectivity but suffer
various limitations including lower life span, cost of the enzyme, poor
stability, complex immobilization technique [40]. Also, the effect of pH,
temperature, toxic chemicals, and humidity highly degrades the per-
formance of Gox [41]. Recently, non-enzymatic glucose sensors
employing metal alloys [42], metal nanoparticles [43], metal oxides
[44], are gaining wide attention due to their outstanding electrocatalytic
properties. Moreover, the advent of carbon nanomaterials such as gra-
phene [45], carbon nanotube [46], etc. has further reformed sensor
technology in terms of economy and ease of fabrication [47]. Numerous
paper-based sensors employing copper-carbon and copper oxide-carbon
amalgamation for fabricating non-enzymatic glucose sensors are re-
ported [48,49]. Copper (Cu) nanomaterial promotes better electron
transfer at low potential and greatly enhances glucose oxidation due to
the electrocatalytic effect of Cu(II)/Cu(Ill) redox couple in a strong
alkaline medium [50]. Moreover, Cu nanostructures have gained
exceptional consideration due to their low bandgap energies (1.4-2.3
eV), excellent catalytic activity, low overpotential, biocompatibility,
and affordability [51]. As such, Wang et al. [48] developed a flexible
and electrochemical sweat platform by depositing Cu submicron buds on
freestanding graphene paper (GP) carrying MoS; nanocrystals mono-
layer for bio-functional detection of glucose and lactate. Prabhakaran
et al. [49] developed a nonenzymatic glucose sensor by engineering the
surface of laser scribed graphene (LSG) by conformal anchoring of
copper oxide nanoparticles (CuO NPs). Janmee et al. [52] reported a
non-enzymatic electrochemical sensor fabrication using a nano-
composite of copper oxide nanoparticles, ionic liquid and reduced gra-
phene oxide (CuO-IL/rGO) modified on the screen-printed carbon
electrode (SPCE) for glucose determination in human urine and elec-
trolyte drinks. Yang et al. [53] developed a disposable non-enzymatic
glucose sensor utilizing a three-dimensional graphene wall (GWs) and
nano-Cuy0 modified carbon fiber paper (CFP) electrode. However, in
the aforesaid works, the reduction of graphene oxide and its surface
modification are the two steps involved in the fabrication of
graphene-based copper nanocomposite electrodes. Furthermore, the
fabrication process involved tedious complex synthesis steps, the need
for volatile solvents, high temperature, a large volume of contaminant
residues, etc. [54]. This urges the necessity of a facile and green
approach toward the deposition of catalytic material on the electrode
surface for the construction of a glucose biosensor.

In this article, we have presented a very simple and efficient way of
developing a glucose sensor by depositing the sensing layer through a
dual-step writing process with a pencil and pen on the Whatman filter
paper substrate. An 8B pencil is used to deposit two pencil-drawn
electrodes (PDE) of which one of the PDEs is drawn with a sensing
layer of copper nanoparticle ink (CuNP-ink) using a custom-made pen
that serves as a working electrode and the other PDE is drawn with a
silver conductive ink pen to form reference electrode. The ink deposition
allows the permeation of glucose-sensitive copper nanoparticles deep
into the porous paper fiber. Moreover, the large surface area of metallic
nano copper allows faster electrooxidation of glucose in a strongly
alkaline medium. Electrochemical characterization using cyclic
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voltammetry (CV) and chronoamperometry (i-t) reveals a high sensing
ability of deposited CuNP-ink in glucose ambiance. Results of the
developed sensor are compared with a UV-Visible spectrophotometer to
prove the reliability of the sensor in evaluating real sweat samples. To
the best of our knowledge, such fabrication of a non-enzymatic glucose
sensor using a custom-made pen loaded with synthesized CuNP-ink
employing a hand-drawn technique of electrocatalytic material deposi-
tion has not been reported so far.

2. Materials and methods
2.1. Chemicals and materials

All the chemicals purchased and used are of ACS grade and used
without further purification. D-glucose anhydrous (CgH;20¢), ascorbic
acid (C¢HgOg), uric acid (CsH4N403), dopamine (CgH;1NO3), sucrose
(C12H22011), and lactic acid (C3HgO3) are purchased from Sigma-
Aldrich. De-ionized (DI) water used for the preparation of stock solu-
tions is obtained from the Millipore Milli-Q purification system (Synergy
UV system). Stock solutions of D-glucose and sodium hydroxide are
prepared using DI water (> 18 MQ). Silver conductive ink pen (842AR-
P), paraffin wax, filter paper (Whatman™ Grade 3MM CHR), epoxy
adhesive, sodium hydroxide (NaOH), copper chloride (CuCly), sodium
citrate (NagCgHs07), and sodium formaldehyde sulfoxylate (CH3NaO3S)
are purchased from Thermo Fisher Scientific, India. High-quality Apsara
Assorted drawing pencils grades (1B, 2B, 3B, 4B, 5B, 6B, 8B, 10B, and
12B) are purchased from Amazon, India.

2.2. Measurement and instrumentation

Bulk resistance of PDEs is measured with a precise multimeter
(KEITHLEY 2110 5% Digit Multimeter) and the square resistance of the
PDEs on the Whatman filter paper substrate is measured using the four-
probe method. A digital dynamometer (EMB-02) is used to calibrate the
handwriting force during the fabrication of PDEs. Scanning electron
microscopy (SEM) and energy-dispersive X-ray (EDX) spectroscopy are
achieved through a JEOL JSM 6390LV SEM (accelerating voltage range:
0.5 kV — 30 kV). X-ray Diffraction (XRD) profiles of CuNP-ink/PDE are
observed with Powder XRD (D8 FOCUS), BRUKER AXS, GERMANY,
employing high-intensity Cu Ka radiation. Precise weight measurement
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of analytes is done in Aczet CY205C Semi-Micro Balance and the solu-
tions are made under constant stirring. A BioLogic (SP-300)
potentiostat-galvanostat is employed to perform cyclic voltammetry and
amperometric measurements. The SP-300 device is configured as a two-
electrode system for measurements with the fabricated two-electrode
sensor (see Supplementary Information, Section S1). In a two-
electrode system, the current and sensing leads are connected i.e.,
Working (W) and Working Sense (WS) leads are connected to a working
electrode, and Reference (R) and the Counter (C) leads are connected to
a second (aux, counter, or quasi-/pseudo reference) electrode as shown
in Fig. S1(a) and Fig. 1d. Thus, the sense leads measure whole-cell
voltage i.e., the complete voltage dropped by the current flowing
across the whole electrochemical cell; the working electrode, electro-
lyte, and the counter/reference electrode (see Supplementary Informa-
tion, Section S1.1). A UV-Visible Spectrophotometer (SHIMADZU UV-
2450) is employed to assure the trueness of the glucose levels
measured by the fabricated sensor in sweat samples. Besides, all soft-
ware data processing is done in MATLAB R2015a (Ver. 8.5.0).

2.3. Synthesis of copper nanoparticles

The method of copper nanoparticles synthesized is obtained from
reported literature [55]. Copper chloride solution is prepared by adding
5 g of copper chloride in 100 mL de-ionized (DI) water and mixed with
sodium citrate solution to maintain a ratio of 1:5. After 30 min, an
aqueous solution of sodium formaldehyde sulfoxylate is added to the
mixture at a 1:1 ratio with respect to copper chloride with continuous
stirring at room temperature. The solution is further stirred for 1 h at
55 °C resulting in a brown precipitate of copper nanoparticles which is
centrifuged, collected, washed with DI water, and dried in a vacuum for
3h.

2.4. Preparation of ink and pen

To obtain CuNP-ink, initially, 3 g of synthesized Cu nanoparticle is
added to 5 mL of purchased carbon conductive ink (Fig. S2) and is
subjected to sonication for 30 min. Then 5 mL of DI water and 2 mL of
epoxy adhesive is added and further sonicated for 45 min. Thereafter,
the ink is poured into an empty syringe and kept for 12 h before use.
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2.5. Fabrication of glucose sensor

Fig. 1a shows the complete fabrication process of the sensor devel-
oped by hand drawing on Whatman filter paper substrate. Initially, one
side of the paper is rubbed with dry wax. Then, a 3D printed stencil made
of polylactic acid (PLA), designed in AutoCAD, is directly placed on the
paper substrate with wax side downwards and outlines of the PDEs are
drawn. The paper is then cut into a dimension of 25 mm x 10 mm with
the drawn outlines and placed over a digital dynamometer to calibrate
the writing force for uniform graphite deposition with optimal con-
ductivity for each PDE. An 8B pencil is used to deposit the graphite
layers within the empty spaces provided for electrodes by writing sev-
enty times with an applied force of ~0.7-0.9 N. A 3D printed PLA stamp
is heated to 50 °C and placed over the paper substrate with PDEs for 10 s
for the wax to penetrate the substrate. However, an area of 2 mm x 2
mm on the top of both PDEs is left unwaxed so that the inks can pene-
trate the porous paper surface. Electrical contacts are made with a silver
ink pen for connecting the sensor to an external circuit for measure-
ments. To deposit the sensing layer, the custom-made CuNP-ink pen is
oriented over one of the PDEs and an ink trace is drawn on it. The other
PDE is drawn over with silver conductive ink to facilitate free electron
transfer during electro-oxidation of glucose. The physical dimension and
labeling of different regions of the fabricated sensor are shown in Fig. 1a.

3. Results and discussion
3.1. Selection of pencil grade

Pencil graphite lead exhibits different physical properties because of
its composition. The pencil lead is composed of graphite, clay, and a
minute amount of wax; wherein the wax forms the binder for the lead.
Commercial pencils are classified in terms of H and B grades respectively
depending on the graphite-to-clay ratio. The grade H stands for hardness
arising from higher clay content and the latter stands for blackness
which is because of higher graphite content. For drawing the electrodes,
the selection of pencils is made from available pencil grades of 6H to
12B. However, as the need for greater conductivity is a priority for
fabricating the PDE, pencil grades from 1B to 12B are considered, and
accordingly, the conductivity of pencil leads and square resistance of the
electrodes fabricated on Whatman filter paper are investigated as shown
in Table 1. As observed, the bulk conductance of the pencil lead in-
creases with the graphite content but shows an insignificant difference
among the graphite content of higher pencil grades. Also, it is revealed
that the square resistance of the PDE fabricated using an 8B pencil is the
least among all the pencil grades. Therefore, an 8B graphite pencil is
selected for fabricating PDE for all the sensors.

3.2. Structural characterization

Fig. 2a displays the SEM image of PDE which reveals non-uniform
graphite traces throughout the electrode due to manual abrasion of
the 8B graphite pencil. The presence of uneven clusters of graphite flakes

Table 1
Conductance of different pencil grade leads and square resistance of the pencil
trace on Whatman filter paper.

Pencil grades Conductivity (x103) (S/m) Square resistance (Q)

1B 2.45 7869
2B 2.85 5856
3B 2.92 3814
4B 3.11 1017
5B 3.23 469
6B 3.31 315
8B 3.35 287
10B 3.38 385
12B 3.41 566
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corroborates the successful deposition of graphite layers on the paper
substrate. Moreover, the formation of hydrophobic wax boundary and
distinct graphite trace over the paper substrate can also be seen clearly
(Fig. S3). In Fig. 2b, the accumulation of dense silver wrinkles on the
surface of the PDE assure the formation of Ag/PDE. Further, the SEM
image of CuNP-ink/PDE (Fig. 2¢) shows the accumulation of tiny grain-
like Cu nanoparticles. The nanoparticles are uniformly distributed over
the PDE surface which assures enhanced sensing performance of the
hand-drawn electrode.

As shown in Fig. 2d (i), EDX analysis affirms the purity of the Ag ink
in Ag/PDE wherein no specific trace of oxygen is observed. This is
because the silver ink used in the fabrication of Ad/PDE is water resis-
tant [56] (Table S3). However, a small carbon peak in the spectrum is
due to the presence of the graphite layer below the deposited silver ink.
Moreover, the EDX spectrum of the CuNP-ink/PDE reveals the presence
of 44.5% of metallic Cu nanoparticles in the deposited CuNP-ink.
However, the occurrence of carbon and oxygen further affirms the
composition of fabricated CuNP-ink/PDE (Fig. 2d (ii)). It is noteworthy
that the traces of oxygen appears in the CuNP-ink due to the presence of
water molecules contributed by the de-ionized water used in the process
of synthesizing the ink. Fig. 2e and f shows the XRD pattern of Ag/PDE
and CuNP-ink/PDE respectively. Four major peaks are seen in the case of
Ag/PDE at 38.32°, 44.50°, 64.61°, 77.54° for 20 which correspond to the
diffraction planes (111), (200), (220), and (311) of face-centered cubic
Ag crystal (JCPDS 04-0783). Also, the XRD pattern for CuNP-ink/PDE
(Fig. 2f) indicates a high degree of purity of the Cu nanoparticles as
evident from the diffraction peaks observed at 43.30° 50.43° and
74.13°. These peaks perfectly match with (111), (200), and (220)
diffraction planes of the cubic phase of Cu (0) respectively. Notably, the
purity of the nano copper is further supported by the fact that the for-
mation of CupO can be almost avoided and phase pure copper nano-
particles can be effectively synthesized by use of carboxylic acids or their
salts e.g. trisodium citrate and myristic acid by use of SFS as a reducing
agent [55]. This methodology is adopted in the synthesis of nano copper
in this work.

To evaluate the crystallinity of the synthesized Cu nanoparticles, the
average particle size of the Cu nanoparticle crystals is calculated using
the Scherrer formula, D = KA/fcos, where D is the crystallite size, K
denotes the shape factor usually taken as 0.89, 1 denotes the wavelength
of the X-ray radiation (4 = 0.15406 nm) for Cu Ka, and $ is the full-width
at half-maximum (FWHM) of the main peak. As shown in Table S4, the
calculated sizes of nanocrystals are found to be 12.29 nm, 11.78 nm, and
11.90 nm respectively. Therefore, the average crystal size of Cu nano-
particles is obtained as ~ 12 nm.

3.3. Electrocatalysis of glucose at CuNP-ink/PDE

The electrocatalytic behavior of the bare PDE and CuNP-ink/PDE is
studied by performing cyclic voltammetry (CV) within a potential
window of —0.8V to +0.8V in 0.1 M NaOH with and without 1 mM
glucose at a scan rate of 50 mV/s. It is worthwhile to mention that,
before CV experimentation, the spillover limit of the analyte-electrode
interaction zone (Fig. 1a, Labelling of sensor) is tested, and is found
that the optimal volume of solution contained in the analyte-electrode
interaction zone is 100 pL which we consider as the volume of the
electrochemical cell. As evident from Fig. 4a, the absence of glucose
does not produce any oxidation peak for both PDE and CuNP-ink/PDE in
the observed potential window. However, a high increase of anodic
current beyond +0.42 V for CuNP-ink/PDE, in absence of glucose, is
attributed to the hydrolysis of the water molecule [57]. Again, no
oxidation peak is observed for PDE with 1 mM glucose addition as is
expected (Fig. 3a). Conversely, with the addition of 1 mM glucose,
during the anodic scan, the CuNP-ink/PDE offers a broad shoulder
anodic peak between —0.5 V and —0.2 V due to the synergistic effect of
two phenomena: (i) Cu(0)/Cu(l) avert the interaction between Cu(0)
and glucose, and (ii) the conversion of Cu(0) to Cu(Il) due to the
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formation of Cu(I)-glucose complex at —0.2 V [58,59]. In addition to
that, a sharp oxidation peak at +0.32 V is considered to be the result of
the desorption of glucose as a result of the Cu(I)/Cu(Il) transition fol-
lowed by a long oxide back-end beyond +0.42 V is characterized by the
electrooxidation of glucose where Cu(IIl) and hydroxyl radicals are
probably involved [58]. During the cathodic scan, from +0.8 Vto 0 V,
the absence of any peak indicates that Cu(IIl) is consumed in the elec-
trooxidation of glucose [58]. However, the appearance of a weak bump
at around —0.1 V corresponds to Cu(II)/Cu(l) transition and decreasing
Cu(I)/Cu(0) transition which is hypothetically because of Cu(I)-glucose
interaction [59]. Thus, the above analysis provides an elaborated sce-
nario of the CuNP-ink-catalyzed electrooxidation of glucose in an alka-
line medium.

Fig. 3b shows the effect of different scan rates on the oxidation of
glucose at the CuNP-ink/PDE in 0.1 M NaOH. It is observed that the
oxidation peak current rises as the scan rate increases from 10 mV/s to
150 mV/s along with a gradual shift in the peak towards higher potential
because higher scan rates lead to a slower electrocatalytic reaction
within the glucose molecule adsorption [60]. The linear dependency of
anodic peak current (Ipa) on scan rate (v) is examined by linear
regression analysis as Ipa = 0.00103v + 0.079 (R2 = 0.9987) (Fig. 3c).
This linear relationship reveals the occurrence of an irreversible

adsorption-controlled  electrochemical  process on  glucose
electro-oxidation [61]. Also, the relation between anodic peak current
(I,e) and v/? (inset of Fig. 3¢) is found to be non-linear and is defined by
second-order power equation I, = 0.00097v*%2 4+ 0.08 (R? = 0.9987)
which further indicates that electrocatalytic oxidation of glucose at
CuNP-ink/PDE is a surface-controlled irreversible reaction [61].
Furthermore, the changes in the anodic peak current with varying
glucose concentrations are also examined (Fig. 3d). It is seen that on
increasing the glucose concentration from 0.15 mM to 5 mM, the anodic
peak current rises rapidly. This is because increasing glucose concen-
tration accelerates the electrocatalytic reaction at the CuNP-ink/PDE,
thus generating more free electrons (Fig. 1d), resulting in increasing
anodic current. Moreover, with increasing glucose concentration, the
oxidation peak gets shifted with the positive potential due to the in-
crease of glucose molecules on the electrode’s surface [40]. This phe-
nomenon can be termed as potential shift. These results indicate
outstanding sensing ability of CuNP-ink/PDE and, therefore, promote
superior electrocatalytic performance in glucose ambiance.

3.4. Amperometric response of the CuNP-ink/PDE sensor towards glucose

One predominating factor exerted upon the amperometric response
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Fig. 3. (a) Cyclic voltammograms recorded on PDE and CuNP-ink/PDE in the absence and presence of 1 mM glucose in 0.1 M NaOH at a scan rate of 50 mV/s, (b)
cyclic voltammograms for CuNP-ink/PDE in 0.1 M NaOH containing 0.1mM glucose at various scan rates, (c) plot of anodic peak currents (I,o) vs. scan rate (v), and
(d) effect of different concentrations of glucose on CuNP-ink/PDE in 0.1 M NaOH at a scan rate of 50 mV/s.

of a sensor is the impact of detection potential. Here, the optimal
detection potential for the sensor is examined with a voltage range of
+0.15 V to +0.35 V with the dropwise addition of 2 pL of 0.1 mM of
glucose in 0.1 M NaOH. In particular, it has been observed that at high
glucose concentrations, the potential is shifted slightly to more positive
values (Fig. 3d). Therefore, the optimal potential detection experiment
is conducted with a low glucose concentration i.e., 0.1 mM glucose. As
shown in Fig. 4a, on increasing the potential from +0.15 V to +0.35 V,
the currents obtained with CuNP-ink/PDE increases and reach their
maximum at + 0.30 V. Therefore, avoiding the risk that any unwanted
species present in sweat may get oxidized at potentials higher than
+0.30 V, the optimal detecting potential selected for the sensor is +0.30
V. Furthermore, it is observed that a simple PDE produces an insignifi-
cant current response upon subsequent addition of glucose at an optimal
detection potential of +0.30 V, which gives us a clear implication that
the bare PDE is insensitive to glucose.

Amperometry involves the measurement of current with respect to
time (i-t) at constant applied voltage. The amperometric response of the
CuNP-ink/PDE and bare PDE for varying glucose concentrations (1.2
pM-5 mM) in 0.1 M NaOH is shown in Fig. 4b. As seen, at + 0.30 V, the
PDE shows a negligible current response with consecutive addition of
glucose aliquots of individual concentration, whereas the CuNP-ink/
PDE yields a remarkably larger response. The CuNP-ink/PDE produces
a distinct and stable amperometric response at + 0.30 V with consecu-
tive drop-wise addition of 2 L of individual concentration of glucose at
20 s intervals. Besides, the performance of CuNP-ink/PDE in the

electrooxidation of glucose is also reflected by its fast response time.
Fig. 4c presents the magnified view of the one-step addition of glucose
and shows the response time of CuNP-ink/PDE. It has been observed that
CuNP-ink/PDE responds immediately after glucose addition and the
time taken to achieve 96% of the steady-state current is ~ 1.5 s, which
interprets an extraordinary fast response towards glucose. The calibra-
tion curve from the amperometric responses (n = 3) is shown in Fig. 4d.
Apparently, the CuNP-ink/PDE gives a linear response up to 40 yM
(inset of Fig. 4d), beyond which a saturated response is observed for
higher glucose concentration. The linear response is fitted by regression
equation y = (1.979 + 0.0993)x + (0.0139 + 0.0014), where y is the
response current (¢A) and x is the glucose concentration (mM). The
linear regression (R% and slope (m) is obtained as 0.9850 and 2.078
(considering m = 1.979 + 0.0993) respectively. Therefore, the calcu-
lated sensitivity of the sensor is 2691.7 yAmM ' ecm ™2 at an active
sensing area of 0.000772 cm?. The sensitivity (S) of the developed sensor
is calculated using Eq. (1) [62] given below;

§— Slopeofcalibrationplot, m(uAmM ")

Activesurfacearea, A(cm?) M

Also, the limit of detection (LOD) of the sensor is found to be 0.5 pM

as calculated using LOD = 30/S(signal/noise = 3), where ¢ denotes the
standard deviation of the linear response calculated using regression
analysis (see Supplementary Information, Section S2) and S is the slope
of the linear region of the calibration curve. The reason for this superior
performance is attributed to (i) the indispensable nanostructure of the
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Fig. 4. (a) Investigation of optimal detection potential by studying amperometric responses of CuNP-ink/PDE at different potentials with successive addition of 0.1
mM glucose in 0.1 M NaOH, (b) amperometric response of CuNP-ink/PDE in 0.1 M NaOH with different glucose concentrations, (c) response time of CuNP-ink/PDE,
(d) calibration curve obtained from the amperometric response (n = 3) (inset shows the linear region from 1.2 pM to 40 pM), (e) selectivity study of the developed
sensor at +0.30 V with 0.1 mM glucose (Glu) in presence of various other interfering species (Suc - sucrose, LA - lactic acid, AA - ascorbic acid, UA - uric acid, DA -
dopamine), (f) repeatability test of the sensor with successive addition of 1 mM glucose with an interval of 2 h, (g) reproducibility study with amperometric

measurements of ten replicate sensors, and (h) shelf-life of sensor investigated with four sensors for 4 weeks.

metallic Cu that confers excellent electrical conductivity due to a larger
effective surface area, thereby affording a prominent electron transfer
rate at the electrode-analyte interface, and (ii) the pencil traces contains
multilayer graphene and a little amount of single-layer graphene with
large portion of edge-like structures [63]. These graphene layers expe-
rience morphological defects such as dislocations, edge, and edge-like
defects, etc. which, again, play a significant role in the electron trans-
fer process thus improving the performance of sensor [64]. Table 2
shows the performance comparison of the developed sensor with exist-
ing published works on paper-based non-enzymatic glucose sensors.

To analyze the applicability of the developed sensor in the real
samples, wherein the sweat glucose concentration ranges from 0.2 mM
to 0.6 mM [38], Langmuir-Freundlich isotherm theory [65], I =
NaC™/(1 + aC™), is used to fit the calibration curve (n = 3) as the

oxidation of glucose on CuNP-ink/PDE is a surface catalytic process
[58]; where I is the current (uA), N denotes the total number of binding
sites on CuNP-ink/PDE, a is related to the median the binding affinity
constant, C is glucose concentration (mM), and m is the heterogeneity
index. The subsequent fitting equation (with n = 3) for the sensor is
obtained as, I = (0.4185 =+ 0.0199)x (1.7 + 0.2417) x C(0-3963+0.0250) /(7
+ (1.7 + 0.2417)x C10-3963£0.0250)y yith R2 — 0.9970, which ascertains

the reliability of the developed sensor over a broad dynamic range for
applicability in glucose detection.

3.5. Selectivity, repeatability, reproducibility, and shelf-life of CuNP-ink/
PDE

Selectivity, reproducibility, and stability of a biosensor are very
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Table 2

Performance comparison of proposed CuNP-ink/PDE sensor with existing published works on non-enzymatic glucose sensors.
Electrode material Sensitivity Limit of Response Applied Reference

detection time potential
(uAmMM 'em2) (uM) (s) ()]

GP-MoS,-Cu 3380 0.5 3 +0.42 [48]
CuO/LSG - 0.1 <0.2 +0.40 [49]
CuO-IL/rGO modified SPEC - 0.14 20 - [52]
CFP/GWs/Cu,0 - 0.21 <4 +0.55 [53]
Cu-xCu0 NPs/3DG film 230.86 16 - - [69]
Cu nanoparticle/graphene/FTO 430 7.2 <4 +0.65 [70]
CuO/ITO 450.2 0.7 - +0.59 [71]
PEDOT:PSS-CuO-MWCNTs/PGE 663.2 0.23 - +0.70 [72]
CuxOHM/RGO 635.3 1.15 - +0.50 [73]1
CuO MF-SPE 383 10 ~2 +0.55 [74]
CuNP-ink/PDE 2691.7 0.5 ~1.5 +0.30 This work

crucial in practical applications. Therefore, we have examined the in-
fluence of electrochemically active compounds, including 0.05 mM su-
crose (Suc), 5 mM lactic acid (LA), 0.01 mM ascorbic acid (AA), 0.2 mM
uric acid (UA), and 0.05 mM dopamine (DA), are present in human
sweat [6]. From Fig. 4e, it is evident that 0.1 mM glucose shows a sig-
nificant current response when compared with other interfering species,
thus demonstrating a high selectivity towards glucose. This excellent
selectivity is ascribed to the formation of partial surface oxide on the
CuNP-ink/PDE that minimizes the effect of the interfering species such
as AA, UA, and DA [58,66]. Moreover, the formation of surface oxide is
attributed to 44.5% of Cu nanoparticles in the deposited CuNP-ink, as
revealed from EDX analysis. Thus, the high selectivity of the sensor is
ascribed to the collegial behavior of metallic Cu nanoparticles and
partially formed CuO at the electrode surface.

The repeatability of the sensor is tested by conducting amperometry
for 1 mM glucose. For that, three sensors (n = 3) are repeatedly sub-
jected to single drop addition of 10 pL glucose with a consecutive in-
terval of 2 h for a duration of 12 h. After each reading, the sensors are
soaked with tissue paper and then allowed to dry for 2 h at room tem-
perature until the next trial. From Fig. 4f it is observed that the response
of the sensors degrades drastically and falls to 43% of the first reading
which interprets poor repeatability of the sensor, thereby inducing a
disposable nature to the sensor.

Fig. 4g shows the current response of ten separately fabricated sen-
sors upon 1 mM glucose addition. The observed current in each
consecutive glucose addition is 0.255 + 0.0039 pA which signifies that
the sensor offers reproducible results. Each sensor is meant for one-time
measurement after which it is disposed of. Also, the relative standard
deviation (RSD) for ten glucose measurements is found to be 1.56%
which further affirms the high reproducibility of the developed sensor.
The reason for such high reproducibility can be ascribed to uniform
pencil drawing over the paper substrate by monitoring the hand force
with a digital dynamometer and deposition of an equal amount of CuNP-
ink and Ag-ink on the PDE. The applied force of the handwritten pencil
sensor has already been experimented with to develop reproducible
sensors such as in Refs. [67,68].

The shelf-life of the developed sensor is examined by studying the
amperometric response of the four identical sensors with an interval of
one week. The sensors are fabricated on the same day to examine the
reactive life-span of deposited CuNP-ink. The current response of first
sensor is studied for one-drop addition of 10 pL of 1 mM glucose addition
after one week of fabrication. Meanwhile, the other three sensors are
stored at room temperature in a clean glass petri dish. Subsequently,
after next week, the response of the second sensor is studied for 1 mM
glucose and so on. Meanwhile, the sensors are disposed after each
measurement. It has been found that the response current of the fourth
sensor is 91% of that of the first sensor (Fig. 4h) which shows a
remarkable shelf-life of our sensor.

3.6. Glucose detection in real sweat samples

The evaluation of glucose in real sweat samples is conducted with the
approval of the institutional ethical committee for collecting and using
on-body human sweat for experimental purposes. 4 healthy subjects
(male: 2, female: 2) with a mean age of 32 + 5 years are recruited for the
sample collection from the institution campus through email distribu-
tion and oral messages. Before sample collection, the subjects are
requested to provide written consent for participating in the experi-
mental study. The samples are collected during the evening session of
the gymnasium at 7 p.m. with room temperature and relative humidity
of the gymnasium room as 28°C and 70% respectively. The subjects’
forehead and arms are properly cleaned with alcohol swabs before the
treadmill running session. Then the subjects are made to run on the
treadmill for 20 min at 10 km/hr (Fig. 1b). After 20 min, clean cotton
balls are used to soak the sweat from the forehead and arms of each
subject and are squeezed into four clean glass centrifuge tubes to obtain
four sweat samples. The amount of sweat collected from each subject
ranges from 3 to 4 mL. In the laboratory, the collected sweat samples are
filtered three times to get rid of impurity contamination during sweat
collection (Fig. 1c). The filtered samples (S1 — S4) are then preserved in
clean glass tubes at 21°C. Before analyzing the sweat samples with our
fabricated sensor, each sweat sample is diluted three times with 0.1 M
NaOH under constant stirring. During the experimentation, each sweat
sample is divided into three parts for a threefold validation to obtain
precise glucose concentration measurements. The sweat samples are
then evaluated with 12 sensors by performing amperometry at + 0.30 V.
The current obtained from each sensor (Table S5) is correlated with the
calibration curve (Fig. 4d) for estimating sweat glucose concentration
(Glucunp—ink /PDE)-

To validate the performance of our sensor in measuring glucose in
real sweat samples, a UV-Vis spectrophotometry assay has been used.
The method adopted for glucose determination using UV-Vis spectro-
photometer has been adopted from literature [75] and is discussed in
Supplementary Information, Section S3. Initially, the absorbance of
known glucose concentrations is measured by UV-Vis spectrophotom-
eter at 575 nm wavelength (Table S6) and a calibration plot is obtained
(Fig. S4). Then, the preserved sweat samples (S1 — S4) are examined by
UV-Vis spectrophotometer at 575 nm wavelength using three-fold
validation method to obtain the absorbance of each sample (Table S7).
Using the calibration equation derived from the plot of Fig. S4, the
concentration of each sweat sample is obtained (see Supplementary
Information, Table S7). When compared, the glucose concentration
estimated by using UV-Vis spectrophotometer and our sensors shows
proximity between the measurements (Table 3). Fig. S5 shows the
error-bar plot of the comparison. Thus the developed sensor shows
promising performance in sweat glucose detection and has the potential
to perform in real-world applications.
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Table 3

Comparison of glucose concentration estimation in real human sweat samples of
four subjects with the developed sensor with that of UV-Vis spectrophotometer
results [C; and C, are the mean and o represents the standard deviation from the
respective mean.].

Glucunp—ink/PDE Glugy_vis
Volunteer - -

(@ + o) (mM) @ + 0) (mM)
S1 0.4596 + 0.0067 0.4695 + 0.0032
S2 0.5813 + 0.0091 0.5715 + 0.0036
S3 0.2072 + 0.0039 0.2195 + 0.0018
S4 0.3895 + 0.0058 0.3980 + 0.0042

4. Conclusion

We have presented a very simple method of fabricating a glucose
sensor by hand drawing a sensitive layer of copper nanoparticle ink over
a pencil-drawn electrode on a Whatman filter paper substrate. The so-
lution method of fabricating a sensitive layer using nanoparticle ink
allows permeation of glucose-sensitive copper nanoparticles deep into
the porous paper. Moreover, dispersion of ink relieves the inner stress of
the deposited sensitive layer that provides good mechanical stability to
the designed structure. The presence of metallic Cu nanoparticles in the
deposited ink further promotes electro-oxidation of glucose in a strongly
alkaline medium. Also, the formation of CuO on the electrode surface
helps in nullifying the effect of interfering species present in sweat while
measuring glucose. The sensor offers excellent sensitivity and low
detection limit owing to the inherent nanostructure of the metallic Cu as
well as large surface area which provide an outstanding electron transfer
rate at the electrocatalytic junction. Besides, the sensor size of 25
mmx10 mm promotes the future work of developing a miniaturized
electronic wearable platform for continuous glucose monitoring. Thus,
the developed sensor is a seamless and affordable tool in terms of sweat
glucose evaluation for effective utilization by the end-user.
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