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ABSTRACT: Nanocellulose derived from hemp (HNC) with the
addition of silver nanoparticles (AgNPs) is utilized for improving
the electrochemical sensing performances for lactate detection.
Initially, HNC is chemically extracted and purified by using alkali

SPGEs modification

b4

treatment and acid hydrolysis. Then, AgNPs are nucleated in situ Hemp fiber . Caciate 102 \Cze— ®
by the self-reduction process prior to forming a composite with \53?53'; Ho
poly(vinyl alcohol) (PVA). This nanocomposite significantly (g' P 7

improves the electrochemical properties of the electrode, including preech f 0,
electrochemical conductivity and electrocatalysis. The morpholo-  Nanocellulose Hnc) \/ //r‘ Future application
gies and chemical alterations of the HNC/AgNPs-PVA nano- \/ Muscle fatigue sensor
composite are investigated by field emission scanning electron ‘ Flexible electrode for

microscopy. It demonstrates a three-dimensional network with electrochemical lactate sensor:

random orientation of the nanocellulose fiber. The AgNPs are

well-dispersed in the nanocomposite. Moreover, the nanocomposite provides high thermal stability up to 450 °C. Then, it is
remarkably noted that 10 wt % HNC/AgNPs-PVA modified on the electrode provides the highest current responses, with a standard
redox couple [(Fe(CN)4]3~/#7]. For lactate detection, this modified screen-printed graphene electrode with nonimmobilized lactate
oxidase exhibits an increase in the current signal with the increment of lactate concentration and offered a linear range of 0—25 mM,
covering a cutoff value (12.5 mM) for muscle fatigue indication. Eventually, this sensor is successfully applied for lactate detection
with high potential for a wearable lactate sensor.

Pyruvate

HNC/AgNPs Lactate detection

1. INTRODUCTION development of a bio-based composite is considered as one
of the most effective strategies.' It is employed as a

With the exponential growth of the worldwide population,
reinforcement part in the composite design owing to its

various technologies have been extensively developed in order

to facilitate the users. The role of numerous technologies has superior properties (e.g, stiffness and tensile strength?).
been extremely conducted from research policies based on the Among various types of eco-friendly materials, nanocellulose
guidance of both academia and industry. Although technolo- derived from hemp (HNC) is considered one of the most
gies significantly offer numerous advantages including attractive fibers in order to employ as a reinforcement in a
efficiency, productivity, as well as connectivity, they are still biocomposite.” Recently, Chen et al.* developed cellulose from
limited due to high cost, complicate processing techniques, and a hemp-based composite by using the ionic liquid. It offered a
emission of hazardous waste, leading to environmental issues high tensile strength and modulus. Mahur et al.’ studied the
and causing pollution to soil, water and air which is difficult to role of acid hydrolysis for hemp extraction and purification.

eliminate. One way to use technology with environmental
preservation is to design eco-friendly materials. The objective
of eco-friendly products is to replace the traditional one with
the additional characteristic of ease of degradation and
nontoxicity. It can therefore avoid the landfill space issue.

To the best of authors” knowledge, an eco-friendly material
is free from toxicity and has high biocompatibility and a fast
rate of biodegradation. Eco-friendly materials are therefore
developed to employ in numerous sectors such as infra-
structure, automotive part, food packaging, as well as medicine.
To design the eco-friendly material for various usages,

The size and percent yield of hemp depend on various ranges
of concentration of H,SO,. It resulted in high thermal stability
when it is employed as a reinforcement in a composite.
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From the fundamental point of view, hemp (Cannabis sativa
L.) is one of the oldest crops and has become the dominant
eco-friendly fiber in the present. It particularly consists of three
main components, which are cellulose (73—95%), hemi-
celluloses (7—9%), and lignin (4—6%). It significantly provides
excellent mechanical properties such as high stiffness, high
tensile strength, as well as high solvent resistance.® Moreover,
it offers high thermal stability and dimensional stability leading
to various applications.7 Furthermore, with the high content of
cellulose derived from hemp, it is used in many advanced
applications including textiles, pharmaceuticals, health prod-
ucts, plastic composites, and chemical sensors.” It can be
employed as a degradable medical protective textile. Liu et al.*
developed a hemp-based composite for a wearable sensor to
monitor human activities. From the fundamental point of view,
the core technology of a hemp-based material is cellulose. It
can be considered as a source for cellulose production.
Cellulose is defined as an organic compound with an empirical
formula of (C4H,yOs),. It is typically related to a
polysaccharide consisting of linear chain of # (1 — 4) linked
D-glucose units. It is evident that cellulose illustrates high
chemical stability and high specific surface area. As a result, it is
attractive to design as a platform for electrochemical sensors. It
may offer additional characteristics of reliability, speed, as well
as accuracy for any diagnostic.

Based on a previous study, the HNC-based composite, as a
platform for electrochemical sensors, has been extensively
employed as detection platforms, where the electrode
configurations are specifically based on either natural or
synthetic fabrics.” For electrochemical sensors, the screen-
printed electrode (SPE) is commonly used due to high
effectiveness, portability, low cost, rapid response, good
repeatability, as well as flexibility. However, for more
utilization, the working electrode (WE) that interacts with
the target analyte in the solution can be modified with different
modifiers to enhance the electrochemical performance and
thus sensibility. Furthermore, it offers a lower detection limit
for the trace analysis. With the use of HNC, there are
numerous advantages, such as ease of surface modification and
high aqueous absorption leading to enhanced sensor perform-
ances. Cellulose can be employed as a platform for the
chemical synthetic route. Ge et al.'’ developed cellulose
aerogel embedded with the ZnO@noble metal for sensitive
and reusable SERS application. Wang et al.'" also developed
the carboxymethyl cellulose carbon aerogel and a metal—
organic framework for capacitive deionization. N-doping can
enhance the conductivity and hydrophilicity.

To enhance the electrical conductivity to the cellulose
platform, metal nanoparticles are mostly utilized. Among
various types of metal nanoparticles, AgNP is the dominant
metal nanoparticle for improving the electrical conductivity of
natural fiber because it can be synthesized by means of a green
synthetic method through self-reduction using cellulose as a
reducing agent.'” It can offer high level of electrical
conductivity while maintaining the uniformity in size and
shape along the cellulose network. It is also cheap and eco-
friendly. Ettadilin et al."’ developed the green synthesis of
AgNPs onto a cellulose network. It illustrates the excellent
electrocatalytic activity for the determination of ornidazole in
milk and water.

However, in the case of electrochemical sensors, it gains
attention in healthcare applications owing to the fast response,
easy fabrication, miniaturized equipment, and quantitative

information."* It is structurally developed for biorecognition
element detection as a biosensor," especially for enzymatic
biosensor, by means of measuring H,0,. It can be produced
from the interaction between a specific enzyme and the target
analyte, such as glucose, lactate, and urine.'® According to the
previous study, cellulose from recycled UHT milk carton can
be modified and utilized as a novel substrate for both
colorimetric and electrochemical lactate sensors for milk
spoilage indication. For the electrochemical sensor, aluminum
extracted from the milk carton enhanced the current response
upon the increase of lactate concentration with a linear range
of 0.125—2 M."”

Herein, HNC is extracted via alkali treatment and acid
hydrolysis. The level of electrical conductivity can be enhanced
by the self-reduction method of AgNPs on the fiber network.
Then, the modified cellulose with the additional characteristic
of electrical conductivity is developed as a nanocomposite
hydrogel with poly(vinyl alcohol) (PVA). Then, it is used to
modify the WE on the screen-printed graphene electrode
(SPGE) to increase the electrochemical sensor performance.
Ultimately, it is applied as an electrochemical sensor for sweat
lactate detection.

2. MATERIALS AND METHODS

2.1. Chemical Reagents and Materials. Hemp fiber was
provided as a gift from a local farm in Thailand. Chemical
reagents including sodium hydroxide (NaOH; 98%), hydrogen
peroxide (H,0,), potassium ferricyanide K;[Fe(CN)], and
potassium ferrocyanide K,[Fe(CN)s] were purchased from
Merck Darmstadt, Germany. Sodium sulfate anhydrous
(Na,SO,) was obtained from Elago Enterprises Pty, Co.,,
Ltd. PVA with a molecular weight of 100,000 g/mol was
purchased from Chem-Supply Pty, Ltd., Australia. Glutaralde-
hyde solution (25% of concentration) for the synthesis
(CsHgO,) was obtained from ITW Reagents, S.R.L., Co.
Ltd., Germany. Silver nitrate (AgNOj;), lactate oxidase (LOx)
from Aerococcus viridans, sodium DL-lactate, and phosphate
buffer (PB, 0.1 M, pH 7.4) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Potassium chloride (KCl) was
purchased from Ajax Fine Chem, Co., Ltd. All chemicals
were of analytical grade and used as received without further
purification.

2.2. Methodology. 2.2.1. HNC Extraction. Initially, raw
hemp fiber is cleaned with DI water before grinding with a
nanogrinder machine at room temperature for 800 rpm to
reduce the size. After that, the nanocellulose is extracted by
boiling with 6 wt % of NaOH at 80 °C with continuous stirring
for 4 h. Then, the pretreated nanocellulose is washed by
boiling with the mixture solution of 4 wt % of Na,SO, and S wt
% of H,0, at 80 °C with continuous stirring for 4 h. Afterward,
the nanocellulose is washed until neutral pH. Then, it is dried
at 70 °C for 24 h and stored in a desiccator in order to avoid
moisture absorption.

2.2.2. Self-Reduction Process of AgNPs on HNC. 0.2 M
AgNOj solution is continuously stirred at 60 °C for 1 h in
order to ensure the homogeneity, as suggested by the previous
report.18 Then, the solution is poured into the cellulose
suspension. The mixture is then continuously stirred for 30
min in order to ensure uniformity. After that, 10 mL of 1 M
NaOH solution is slightly dropped into the solution. The
mixture is continuously stirred for 30 min. Then, it is
centrifuged at 15,000 rpm for 10 min in order to remove the
solvent and excess unreacted chemical reagents. Afterward, it is
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dried at 70 °C for 24 h to obtain the HNC/AgNP
nanocomposite. The sample is kept in a desiccator in order
to avoid moisture absorption.

2.2.3. Modification of HNC/AgNPs-PVA Composite on
SPGE for Electrochemical Lactate Sensor. The SPGE is
prepared by the screen-printing process using Ag/AgCl paste
as the reference electrode, while the graphene paste is then
employed as the counter electrode and the working electrode.
Then, 1, 3, 5, and 10 wt % of HNC/AgNPs is added into 10%
v/v glutaraldehyde solution, followed by S wt % of PVA. Then,
it is continuously stirred at 90 °C for 1 h in order to ensure
homogeneity. After that, the HNC/AgNPs-PVA gel solution is
obtained before 10 uL of HNC/AgNPs-PVA gel solution by
drop-casting on the WE of SPGE. Then, it is dried at room
temperature. For lactate detection, the lactate analyte is
incubated with LOx (100 unit/mL) in the ratio of 1:20 for S
min before detection.

2.3. Characterizations. 2.3.1. Scanning Electron Micros-
copy and Energy-Dispersive X-ray Spectrometry. The
morphological appearance and elemental analysis of the
sample are investigated using scanning electron microscopy
(SEM) combined with energy-dispersive analysis (EDX) and
mapping by FE-SEM (JEOL JSEM7800F, Japan). Prior to
investigation, the sample is gold-sputtered for 45 s at 23 mA in
order to enhance the conductivity. The magnification of 1000X
and an acceleration voltage of 1 kV are employed.

2.3.2. Transmission Electron Microscopy. The micro-
structures of the sample are characterized by transmission
electron microscopy (TEM, JEM-1400, Japan). The magnifi-
cation is set to be 40,000X. Before analysis, the sample is
dispersed into DI water by sonication in order to avoid the
agglomeration. Then, it is placed onto a molybdenum grid.

2.3.3. Fourier Transform Infrared Spectroscopy. The
functional group of samples is determined by Fourier
transform infrared spectroscopy (FTIR, INVNO FTIR Bruker,
Germany). The samples are recorded in the wavenumber
region of 4000—400 cm ~' at a resolution of 4 cm ~' and 64
scans.

2.3.4. X-ray Diffraction. The crystallinities of the sample are
recorded by X-ray diffraction (XRD, Bruker, D8 Advance).
During measurement, CuKa radiation is employed as the X-ray
source. The diffraction angle is set from 10 to 80° at a scan rate
of 2°/min. Prior to analysis, the sample is dried in order to
remove the humidity.

2.3.5. Thermogravimetric Analysis. The thermal decom-
position behavior of the sample is investigated by thermogravi-
metric analysis (TGA, Mettler Toledo, Switzerland). The
samples are heated at a heating rate of 10 °C/min under a
nitrogen atmosphere from room temperature to 600 °C.

2.3.6. Confocal Laser Scanning Microscopy. The samples
are characterized by confocal laser scanning microscopy
(CLSM, Olympus/model: LEXT OLSS000) in the profile
roughness function to identify the average roughness (R,) and
surface area of the samples. A magnification of 20X is used for
the experiment. Each piece of sample is repeated at least in
three areas in order to report as a statistical average.

2.4, Electrochemical Measurement. The electrochem-
ical measurement is performed by cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and amper-
ometry by using a Palmsens 4 potentiostat. Initially, CV is used
to investigate the current response of the modified SPGE using
5 mM ferri/ferrocyanide [Fe(CN)¢]>~*" in 0.1 M KCl. The
scanning potential is set between —1 and +1 V with a scan rate

of 0.1 mV s™". Then, EIS is performed to observe the electron
transfer by inputting a frequency range of 10™'—10° Hz with an
amplitude of 100 mV. Then, amperometry is used to
determine the lactate concentration in the range of 0-25
mM with a controlled potential of +0.65 V for 120 s. All
standard solutions are prepared in 0.1 M PB (pH 7.4), and the
experiment is repeated at least thrice (n > 3) in order to ensure
the statistical average.

3. RESULTS AND DISCUSSION

3.1. Physical and Chemical Characterizations of HNC/
AgNPs-PVA Composites. HNC/AgNPs-PVA nanocompo-

(@ 0] (ii) Ag i) |

(b)

(c)

(e)

Figure 1. Appearances (i), FE-SEM images (ii), and surface mapping
(iii) of unmodified PVA (a), 1 wt % HNC/AgNPs-PVA (b), 3 wt %
HNC/AgNPs-PVA (c), S wt % HNC/AgNPs-PVA (d), and 10 wt %
HNC/AgNPs-PVA (e).

Table 1. SEM-EDX Analysis of HNC/AgNPs-PVA
Composites

elements (wt %)

sample C (@) N Ag
unmodified PVA 63.83 36.17
1 wt % HNC/AgNPs-PVA 35.59 39.89 4.48 20.04
3 wt % HNC/AgNPs-PVA 35.74 39.04 2.09 23.13
S wt % HNC/AgNPs-PVA 34.94 32.79 4.36 2791

10 wt % HNC/AgNPs-PVA 30.91 31.22 5.30 32.58

sites are successfully synthesized as a hydrogel form. They are
typically presented in the similar feature compared to pristine
PVA. They are easy to stretch and reform when an external
load is applied. With the increment of HNC in the hydrogel
composite, the dimensional stability of the hydrogel is
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(b) |

Figure 2. TEM micrographs of HNC/AgNPs-PVA composites. (a) HNC and (b) HNC/AgNPs in magnification of 40,000X.
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Figure 3. FTIR spectra (a) and XRD patterns (b) of unmodified PVA (i), 1 wt % HNC/AgNPs-PVA (ii), 3 wt % HNC/AgNPs-PVA (iii), S wt %

HNC/AgNPs-PVA (iv), and 10 wt % HNC/AgNPs-PVA (v).
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Figure 4. Thermal decomposition behavior of unmodified PVA (a), 1
wt % HNC/AgNPsPVA (b), 3 wt % HNC/AgNPs-PVA (c), S wt %
HNC/AgNPs-PVA (d), and 10 wt % HNC/AgNPs-PVA (e).

significantly increased. HNC can form a chemical bonding
with PVA throughout the hydrogel network. Furthermore, it is
noted that all hydrogels illustrate a high content of water
located inside a three-dimensional network of the hydrogel
composite. Figure 1i presents the appearance of the hydrogel-
based composite. It is observed that with the increment of
HNC, the color changes from white to dark gray, as observed
in (a)—(e). The roughness on the surface is present due to the
existence of AgNPs on the HNC surface. Moreover, Figure lii
reports the morphological properties of the HNC/AgNPs-PVA
composite. It shows the randomly oriented HNC within the
PVA network. It is a nonuniformed distribution. PVA solution

10374

is filled into the HNC network and then formed the composite.
The interface between HNC and PVA is therefore observed.
On the other hand, various white spots can be detected on the
composite surface. It is noted as a red circle. This spot is
typically due to AgNPs. It can be observed that a nonuniform
distribution of AgNPs is presented. This is in agreement with
the previous article of Madivoli et al."’

Figure liii reports the mapping analysis allowing to
investigate the elemental analysis of AgNPs. The blue color
is typically due to the presence of AgNPs. This result can be
used to confirm the distribution of white spots in Figure lii.
Furthermore, it is observed that the intensity of blue color is
significantly increased with respect to the amount of HNC.
This result is associated with the previous literature of Singh
and Mijakovic.”® This is probably due to the fact that AgNPs
are successfully entrapped within the HNC network during the
self-reduction process, in which the HNC acted as a reducing
agent for AgNP formation with the reduction of Ag* to Ag’, as
suggested by Thiagamani et al.”' Furthermore, the surface area
and roughness (R,) of the sensor platform are analyzed using
CLSM. For unmodified electrodes, the R, values and surface
area are 0.544 + 0.13 and 0.869 + 0.09 um, respectively. For
modified electrodes, the R, values and surface area are 15.601
+ 0.12 and 9.329 + 0.05 pum, respectively. Therefore, it is
observed that after modification, the surface area is significantly
increased, leading to improved sensitivity.

EDX analysis is carried out to determine the elemental
analysis of HNC/AgNPs-PVA composites. As shown in Table
1, compared to unmodified PVA, carbon and oxygen are
present. This is in agreement with the previous articles related
to pristine PVA.”*~** Furthermore, in the case of addition of
AgNPs into the composite, nitrogen and silver are present. The
signal of nitrogen is typically due to the unreacted [NO;7]. It

https://doi.org/10.1021/acsomega.3c08000
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Figure 5. Cyclic voltammogram (a), anodic peak current (b), and
Nyquist plots (c) of unmodified PVA (i), 1 wt % HNC/AgNPs-PVA
(ii), 3 wt % HNC/AgNPs-PVA (iii), 5 wt % HNC/AgNPs-PVA (iv),
and 10 wt % HNC/AgNPs-PVA (v) measuring with S mM
[Fe(CN)4] *7/*+] by scanning the potential from —1 to 1 V with
the scan rate of 0.1 V/s (n > 3).

is difficult to remove from the dissociation process of silver
nitrate. However, the signal of silver is also present in all
composites. It is remarkable to note that the percent of silver is
slightly increased with respect to the amount of HNC. It can
be implied that AgNPs are formed by the self-reduction
process onto the HNC network, as suggested by Fouda et al.”®
This result is well corresponded with the mapping analysis as
reported in Figure 1.

The morphological properties of HNC and AgNPs formed
by self-reduction process onto the HNC network were studied
using TEM, as shown in Figure 2. It is observed that the
nanoscale size of cellulose fiber is successfully prepared with a
randomly oriented network. This is in agreement with the FE-
SEM analysis reported in Figure lii. In addition, with the
increment of magnification, various dark spots are present on
the HNC network verifying the existence of AgNPs. It is
presented as a spherical shape with various sizes based on the
self-reduction process. This may typically relate to nucleation
and/or thermodynamic equilibrium, as suggested by Jia et al.*®
Various sizes of the HNC network are present due to the role
of carboxyl and hydroxyl groups in the cellulose network. It is
to reduce the AgNPs by changin§ Ag ions into Ag’ and
attaching on the cellulose structure.”’

In order to determine the functional group of HNC/AgNPs-
PVA composites, FTIR spectra is employed. Figure 3a reports
the FTIR spectra of HNC/AgNPs-PVA composites. All of the
curves are present with identical features. It is similar to
pristine PVA. This is probably due to the fact that PVA is the
main component in the hydrogel composite. HNC and AgNPs
are located inside the PVA network. However, it is observed
that the broad region of the characteristic peak at the
wavenumber of 3100—3600 cm ™" is present. This is typically
attributed to O—H stretching. It is because hydroxyl group
formation belonged to both HNC and PVA.*® The presence of
this functional group can be used to determine the ability to
form hydrogen bonding with the water molecule on the
surface. This is in agreement with the contact angle
measurement. The characteristic peaks at the wavenumbers
of 2940, 1732, 1565, and 1074 cm™' are present, which
correspond to the C—H stretching, C=0O stretching, N—H
stretching, and C—O stretching, respectively.”” " These peaks
belong to PVA. However, it is observed that the intensity of
the peak is slightly reduced when HNC/AgNPs is added into
the composite. The existence of AgNPs may be obscure.
Furthermore, it is observed that the characteristic peak at the
wavenumber of 664 cm™ is present. This is typically related to
the vibration of C—H bending caused by the AgNPs, attributed
to the metal-ligand frequency stretching, as suggested by
previous literature.”>*’

To determine the crystallinity of HNC/AgNPs-PVA
composites, XRD technique is employed. Figure 3b displays
the XRD pattern of HNC/AgNPs-PVA composites. The
pristine PVA is also provided for comparison. It is observed
that all of the characteristic peaks are typically present with the
similar feature. It may probably be due to a small portion of
HNC and AgNPs. Both of them are mostly integrated inside
the PVA network. No significant change related to crystallinity
is observed when HNC and AgNPs are integrated. However, it
is noted that the intensity is slightly shifted higher when HNC
existed. This is similar to the previous result in the literature.”*
It is evident that the diffraction angles of 12.5, 21, and 21.9°
are present. These characteristic peaks correspond to the
diffraction indices of [1 —1 0], [1 1 0], and [0 2 0],
respectively. This is in agreement with the previous works of
Gong et al.>® and Liu et al.*° It is also typically related to the
Miller index of pristine PVA and cellulose.”” Furthermore, with
the existence of AgNPs in the composite, a low intensity of
peak is observed at the diffraction angle of 28.9°. It is
attributed to the diffraction plane of (111) caused by the
presence of AgNPs.38 With the increase of HNC/AgNPs, the
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amperogram (c), and calibration curve (d) of 10 wt % HNC/AgNPs-PVA measuring in 0.1 M PB with 0—7 mM H,0, at an applied potential of
+0.65 V for 120 s. The error bars correspond to standard deviation obtained from more than three measurements (n > 3).
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concentration range of 0—25 mM from amperometry measurements (b), and calibration curve between the lactate concentration and the current
response (c). The error bars correspond to standard deviation obtained from more than three measurements (n > 3).

intensity is therefore slightly high. It could significantly
improve the crystallinity of the composite.

To employ the HNC/AgNPs-PVA composites-modified
electrode in the electrochemical sensor, the thermal stability of
the sample is considered as one of the most important
characteristics. In order to predict the thermal stability of the
composite, thermal decomposition behavior investigated by

10376

TGA is presented. Figure 4 displays the thermal decom-
position behavior of HNC/AgNPs-PVA composites. It is
observed that the thermal degradation behavior can be
classified into three distinct regions based on an applied
elevated temperature. From ambient temperature to 300 °C,
only 20 wt % of weight loss is presented. This is probably due
to solvent and water removal from the hydrogel. This
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Table 2. Comparison between Electroanalytical Platform
and Our Work”

linear range LOD
materials (mM) (mM) reference
SPE/PBNcs/GOx 1-24 1.31 46
Au/Pt/Chit/LOx nonlinear 1.00 47
Au/TTF/CNT/LOx-CS-CNT 1-24 48
CNT/TTE/LOx/Chit 1-20 49
HNC/AgNPs-PVA 0-25 0.56 our work

“Abbreviations: HNC, hemp nanocellulose; AuNPs, gold nano-
particles; PVA, poly(vinyl alcohol); BC, bacterial cellulose; SPE,
screen-printed electrode; GOx, glucose oxidase; CNT, carbon
nanotubes, TTF, tetrathiafulvalene; LOx, lactate oxidase; Chit,
chitosan; CNCs, cellulose nanocrystals.

composite can be applied at room temperature without any
concern of thermal stability. Then, when the temperature
range is elevated to 300—500 °C, a broad region of weight loss
is observed. This is due to pyrolysis of HNC and PVA
compound. It is changed to volatile gas such as CO, and NO,,
within this stage. It theoretically involves the exothermic
reaction.”” After that, when the temperature is above 500 °C,
percent of weight loss is very low. It can be seen that no
pyrolysis occurred. The rest is typically referred to char and
residual. This is in agreement with the previous work of
Nurazzi et al.*

3.2. Electrochemical Characterization of HNC/AgNPs-
PVA Nanocomposite Electrode. HNC/AgNPs-PVA com-
posite is successfully prepared as a hydrogel-modified working
electrode for the electrochemical sensor. To evaluate the
electrochemical properties, CV and EIS are employed. Both
techniques are used to evaluate the possibility of composite
modification for the WE. Figure 5 demonstrates the electro-
chemical properties of the HNC/AgNPs-PVA composite by
means of cyclic voltammograms, anodic peak current
responses, and Nyquist plots. With higher amount of HNC/
AgNPs, the redox current is subsequently high in order of
magnitude. This is also in agreement with the anodic current
response compared to pristine PVA. This is probably due to
the fact that with the presence of HNC and AgNPs within the
nanocomposite, the specific surface area and electrocatalytic
activity are substantially increased, leading to increase in the
current response signal. In addition, the AgNPs can catalyze
the charge transfer when it is activated, as indicated by Biyoshi
et al.* Tt can help to promote the electron transfer between
the analyte solution and the sensing area. Moreover, the
Nyquist plots obtained from EIS can be used to investigate the
electron-transfer efficiency between the electrode and a redox
couple [Fe (CN) 6]37/%7, related to impedance change via Rct
value.*”*’ Figure Sc shows the EIS spectra obtained from
unmodified and modified electrodes. The unmodified elec-
trode shows an R value of 2.46 kQ. After modification of
electrodes, the Rct value decreases from 2.46 to 1.01 kQ with
higher amount of HNC/AgNPs. Based on the electrochemical
characterization results, it can be concluded that 10 wt %
HNC/AgNPs-PVA significantly offers the highest current
responses and the lowest charge-transfer resistance. Therefore,
it can be remarkably noted that it is suitable for electro-
chemical sensor applications.

To evaluate the applicability of 10 wt % HNC/AgNPs-PVA
modified SPGE for the electrochemical lactate sensor, the
investigation of electrochemical detection of H,0, is first
performed. The presence of H,0, is considered as a byproduct

of the reaction between lactate and lactate oxidase, as
illustrated in Figure 66a, which presents the sensing
mechanism. Furthermore, Figure 6b exhibits the CV and
amperometry for the sensing performance in the detection of
H,O0,. The outstanding anodic peak is typically found at +0.65
V, which is related to the current response of H,O,, similar to
the previous report.** Furthermore, with more specific
observation, Figure 6¢ shows the results obtained from the
amperometry technique. Different concentrations of H,0O, are
investigated proportional to the amperometric current
response from 0 to 7 mM in 0.1 M PBS at a pH of 7.4 by
applying a constant potential of +0.65 V. It is observed that the
increment of the current response is attributed to the H,O,
concentration. Also, Figure 6d demonstrates the calibration
plot for the linearity in the range of 0—7 mM with R* of
0.9948, which indicates the superiority of sensing performance
for H,0, detection. Thus, this nanocomposite electrode is
employed for further application for the enzymatic detection of
lactate.

To investigate the applicability of the HNC/AgNPs-PVA
nanocomposite electrode for lactate detection, the ampero-
metric detection of lactate is subsequently investigated. Figure
7a shows the sensing mechanism of the HNC/AgNPs-PVA
composite-modified SPGE for lactate detection. In addition,
Figure 7b displays the amperometric current response for
lactate detection. An applied potential of +0.65 V is applied for
different concentrations of lactate (0—25 mM). It is tested in
0.1 M PBS (pH 7.4) with the cutoff lactate value of 12.5 mM
for muscle fatigue indication.” As shown in Figure 7c, the
increment of the current response is linearly related to the
increase of lactate concentration. Then, a calibration plot of
lactate concentration versus the current is plotted with R* of
0.9961. Limit of detection (LOD) is calculated by using the
equation LOD = 3S,/m where, S, is the standard of three
measurements (n = 3), and m is the slope of calibration LOD
of lactate of 0.56 mM.

Table 2 presents the electrochemical properties of the
platform between HNC/AgNPs-PVA composite-modified
SPGE and many previous literature reports. Our platform
presents a similar linear range and LOD. It can be implied that
our nanocomposite can be used as a platform for lactate
detection.

4. CONCLUSIONS

HNC is successfully extracted from the hemp pulp-based fiber.
Then, the nanocomposite between HNC, AgNPs, and PVA is
successfully prepared. AgNPs are nucleated by the self-
reduction process onto the HNC fiber. The microstructure
of the composite is presented as a three-dimensional network,
which offers high surface area and thermal stability. The
nanocomposite is modified on the working electrode surface to
enhance the electrochemical properties toward H,O, and
lactate detection. The sensor significantly provides excellent
electrochemical performance for enzymatic lactate detection It
is verified by the increment of current response with the
increase of lactate concentration between 0 and 25 mM. In
addition, it covers a cutoff lactate value in human sweat (12.5
mM) for muscle fatigue indication with R* of 0.9961 and
detection limit of 0.56 mM. Ultimately, this sensor might be an
alternative platform for sweat lactate sensor in healthcare
applications in the future.
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