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Abstract
Laser-induced graphene (LIG) electrodes have gained interest for non-enzymatic analyte sensing
applications due to their low cost, flexibility, and favorable electrochemical properties. In this study,
we investigate the effects of Ag and Pt nanoparticle (NP) surfacemodification on the capacitive
glucose sensing performance of LIG electrodes. LIGwas fabricated at varying laser fluences and
subsequently decoratedwith differentNP loadings to evaluate interfacial capacitance changes in 1M
KCl electrolyte. Electrochemical characterization revealed that a 10 μgml−1NP loading concentra-
tion yielded the highest sensitivity—0.0449 and 0.052mF (mM·cm)−2 for Ag- and Pt-modified LIG,
respectively—with the lowest detection limit of 1.29 μMachieved byAg-LIG. Although the study is
limited to controlled electrolyte conditionswithout interference or selectivity tests, the results
demonstrate ameasurable enhancement in glucose sensitivity compared to pristine LIG. These
findings support the potential ofmetal-NP loaded LIG for cost-effective glucose sensing in high-
concentration environments such as food fermentationmonitoring.

1. Introduction

Glucose sensing is fundamental in the food and beverage industry, where it is essential formonitoring
fermentation processes, controlling product quality, and ensuring batch-to-batch reproducibility [1–3]. This is
applicable to brewerymashes, dairy fermentations, and other carbohydrate-driven bioprocesses where glucose
concentration is both a critical process variable and an indicator ofmicrobial or enzymatic activity. In these
scenarios, glucose levels often range in themulti-gram-per-liter regime, far exceeding those typically seen in
clinical or biomedical applications.

Despite their widespread use, the enzyme-based amperometric electrodes that dominate industrial glucose
sensing face several limitations. This type of biosensor is reliant on biocatalytic layers such as glucose oxidase or
dehydrogenase, which providemolecular selectivity through specific redox reactions [4, 5]. However, enzyme-
based systems often suffer frompoor long-term stability, limited reusability, and fabrication complexity. Their
performance degrades under the challenging conditions of industrial processes where elevated ionic strength,
high sugar concentrations, temperature variations, variable viscosity, and vigorous chemical cleaning cycles are
common. These compromise the accuracy, repeatability, and lifespan of enzyme-based systems, leading to
increased operational costs andmaintenance demands.

To address these challenges, there has been growing interest in non-enzymatic electrochemical sensors
designed for robust and cost-effective industrial operation that leverage nanostructured carbonmaterials and
metallic nanoparticles to enhance analyte sensingwithout relying on biological recognition elements [6–8].
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Among these sensors, laser-induced graphene (LIG) stands out as a particularly attractive electrodematerial
due to its low-cost,mask-free fabrication process,mechanical flexibility, and tunable surface and electronic
properties [9–11]. LIG is formed by laser scribing of polymer substrates and features a porous, conductive
carbon network that can be tuned by adjusting laser fluence andwavelength, influencing the resulting surface
morphology, pore size, and electrical conductivity [12–14].

LIG’s compatibilitywith post-fabrication surfacemodification offers further opportunities to enhance its
performance. The loading ofmetallic nanoparticles (NPs), such as silver (Ag), platinum (Pt), copper (Cu), and
manganese dioxide (MnO2), onto the LIG surface has been shown to significantly improve electrochemical
activity by increasing effective surface area, improving charge transfer kinetics, and introducing catalytic prop-
erties [15–18]. Recent studies have further shown that LIG electrodes decoratedwithNiCo-LDHorAgNPs can
achieve ultralowdetection limits and high sensitivity, highlighting the ongoing improvements in non-enzy-
matic glucose sensors [19, 20]. These enhancements have been explored in the context of supercapacitors,
energy storage, health, and environmental sensing [21–23]. However, their application in capacitive, non-enzy-
matic glucose sensing under high-concentration, industrially relevant conditions remains relatively under-
developed, despite its potential to deliver reliable and enzyme-free detection platforms.

Recent advances in capacitive glucose sensors such as carbon nanomaterial-based,metal-oxide, and hybrid
electrode systems have demonstrated significant improvements in detection limits and selectivity, but these
studies largely target biomedical ormicromolar-level glucose ranges [23–25]. In contrast, industrial sensing
requires amuch broader linear range and tolerance to complex samples. Incorporating LIG as a basematerial
for capacitive sensing thus represents a promising approach to developing durable, low-maintenance sensors
for industrial fermentation and food processing contexts.

Capacitive sensing offers several advantages for industrial deployment. Contrary to Faradaic techniques
that rely on redox reactions and are prone to electrode fouling, capacitive sensing operates in a pseudocapaci-
tive or capacitive-dominant regime, detecting changes in the electrode–electrolyte interface through variations
in interfacial capacitance. This approach is energy-efficient and less susceptible to external interference,making
it suitable for continuous or in-linemonitoring applications. The total interfacial capacitance (CInterfacial)
includes quantum capacitance (CQ), Helmholtz layer capacitance (CH), and diffuse layer capacitance (CD),
typicallymodelled as a series of capacitors [26–28]:

= + +
C C C C

1 1 1 1

Interfacial Q H D

By treating the combined interfacial capacitance as a representation for analyte interaction at the electrode
surface, capacitive sensing enables an indirect yet responsivemonitoring of glucose adsorption or local con-
centration changes.

This study builds upon these principles by examining howNP surfacemodification influences the capaci-
tive response of LIG-based electrodes toward glucose, and how suchmodifications could contribute to cost-
effective, stable, and non-enzymatic sensing in high-concentration environments. Specifically, effects of load-
ingAg and PtNPs onto pristine LIGproduced by controlled laser induction are investigated. The interfacial
capacitance is estimated electrochemically in a fixed 1MKCl electrolyte, chosen for its high ionic conductivity
and relevance to industrial-like conditions. From this, the assessment on howNP type and concentration influ-
ence the glucose sensitivity of the LIG electrodes and identify optimal loading conditions thatmaximize capaci-
tive response is conducted.

While this work does not include analysis ofmatrix effects such as pH, fouling, or the presence of interfering
species, it provides a foundational and reproducible study demonstrating howNP-LIG interfaces can be engi-
neered to enhance interfacial capacitance and sensitivity. The findings highlight the role of surfacemodification
and laser fluence in tuning LIG’smorphology and capacitive performance. Futureworkwill focus on incorpor-
ating impedance spectroscopy and selectivity testing to better understand long-term stability and cross-sensi-
tivity under realistic process conditions.

By focusing on practical, non-enzymatic capacitive sensing strategies for industrial concentration regimes,
this study contributes to the broader goal of developing scalable, low-cost, and robust glucose sensors suitable
for food and bioprocessing applications.

2. Experimental

2.1.Materials and reagents
Ag-NP (average particle size of 100 nm, 0.02 mgml−1) andPt-NP (average particle size of 30 nm,
0.05 mgml−1)were purchased fromMerck (SigmaAldrich) andusedwithout further purification. Aqueous
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electrolyte solutionswere prepared by dissolving solid PotassiumChloride (KCl) inDIwater. No additional
surfactant was added to avoid altering the interfacial properties of the LIG electrode.

2.2. Characterization
Raman spectroscopy (HORIBAXploRAPLUS) in spot-modewas used to confirm the LIG surface
characteristics, with aminimumof three replicates per sample to ensure reproducibility, all obtained using
532 nmexcitation laser wavelength. TheRaman spectrum is expected to show characteristic LIGD-peak at
approximately 1350 cm−1, G-peak at 1580 cm−1, and 2D-peak at 2700 cm−1 [5, 28]. TheD-peak indicates
structural defects while theG-peak shows the carbon sp2 bondingwhich vibrates in-plane. The number of
graphene layers stacked in the ‘vertical’ axis (c-axis) is indicated by the peak at the 2Dband.

Surfacemorphology imageswere obtained using a field emission scanning electronmicroscope (FESEM)
(HITACHI SU8020) at amagnification range from500 nm to 100 μm.Energy dispersive x-ray spectroscopy
(EDS)was performed on the LIG andNP-LIG electrodes to assess the presence of C,O, Ag, andPt. Across all
samples,morphological and compositional uniformitywas confirmed in at least three randomly chosen
regions.

2.3. Preparation of LIG andNP-LIG
Acommercial G690CO2 IR laser system (LIAOCHENGSHENHUI) at 10.6 μmwavelength is used to form
LIG-based electrodes on a commercial polyimide (PI)filmof 50 μmthickness, whichwas purchased andused
without further processing. The laser is set to a fixed translational speed of 80mm s−1 and power ranging from
8W to 18W, as recorded in table 1. The square sensor electrode (5mm–by–5mm) is incorporatedwith an
additional rectangular contact area of 10mm–by–5mmat one end for electrical connection. The laser operated
with a spot size of 0.5mmand followed a line-by-line pattern at a step size of 0.2mmbetween each laser pass to
obtain continuous coverage of LIG. Conductive copper tapewas used as the electrical contact and further
secured andwaterproofed by sealing it with a layer of PI tape. The electrode fabricationmethod follows that
of [29].

Ag andPtNPdilutionwas prepared to 6, 10, 14, and 18 μg ml−1 bymixingDIwater into the concentrated
NP stock solutions. The selected rangewas based on preliminary screening to balance surface coverage and
aggregation; concentrations below 6 μg ml−1 produced incomplete surface coating, while those above
18 μg ml−1 resulted in visible agglomeration and reduced electrochemical stability. For eachNP-LIG electrode,
10 μl of the dilutedNP solutionwas drop-cast onto the electrode area, as shown in figure 1, before drying in a
glass desiccator jar for approximately 24 h.

Although drop-castingmay result in partial NP detachment during immersion into the electrolyte, adhe-
sionwas largelymaintained by van derWaals and electrostatic interactions between theNP and the porous LIG
surface [30]. Futurework could explore in situNP incorporation during laser processing to improve bonding
strength and reproducibility.

Figure 1. Fabrication process of LIG-based electrode for electrochemical capacitance analysis by laser induction of 50 μmthick PI
film.

Table 1.Laser configuration for LIG fabrication.

Electrode Laser power (W) Laser fluence (J/cm2)

L1 8 18.79

L2 12 28.18

L3 16 37.58

L4 18 42.27
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2.4. Electrochemicalmeasurements
Cyclic voltammetry (CV)was performedon a standard three-electrode electrochemical configuration to
measure the capacitance of the LIG andNP-LIG electrodes. Ag/AgClwas used as the reference electrodewhile a
5mm–by–5mmplatinumplatewas used as the counter electrode. The electrolyte chosenwas 1MKCl aqueous
electrolyte solution. All electrochemicalmeasurementswere obtained through a potentiostat (Autolab
PGSTAT101).

CVmeasurementswere run at two scan rates of 5mV s−1 and 50mV s−1 to observe the capacitance respon-
ses. The slower scan ratewas employed to allow sufficient time for chemical reactions to occur for sensing
applications. Conversely, the higher scan rate assessed the rapid capacitive response and operational stability.
EachCV curve represents the average of three independentmeasurements from separately fabricated electro-
des, with the standard deviation in capacitancemaintainedwithin±5%.

3. Results and discussions

3.1. LIG formation andpresence ofNP
FESEM images, figures 2(a)–(c) and 3(a)–(c) of Ag-LIG and Pt-LIG electrodes show similar highly porous
structures resembling graphene foam, consistent with typical LIGmorphologies. At highermagnifications, NP
were observed to be slightlymore abundant along the ‘walls’ of the porous structure due to capillary-driven
surface tension effects during solvent evaporation, while stillmaintaining a uniformdistribution across the LIG
surface, where the adhesion of Ag andPt to LIG is likely via van derWaals force and electrostatic interactions
[31–33].

The EDS analysis in figures 2(e) and 3(e) confirmed that pristine LIG consisted solely of C andO,while Ag-
LIG andPt-LIG electrodes exhibited additional peaks corresponding toAg and Pt, respectively, verifying the
successful incorporation ofNPs. This distribution is likely supported by van derWaals and electrostatic forces .
Quantitative EDS data revealed thatNP atomic percentages werewithin±10%variation across three regions,
indicating good deposition uniformity.

The formation of LIG is further confirmed byRaman spectrum,where the peak locations obtainedmatch
those of a single-layer graphene [26]. Compared to the pristine LIG, theD,G, and 2Dpeaks all observed a
redshift upon the loading of Ag and PtNPs in figures 2(d) and 3(d). This is attributed to an increased lattice
strain on the LIG structure induced byNP attachment and possible charge transfer betweenNP and graphene
layers [34, 35]. In addition, the spectrumofAg-LIGhas significantly increased intensity, similar toMu et al’s
work [36]. The Ramanpeak ratios for each LIGbased electrodes are calculated in table 2. The ID/IG ratio for

Figure 2.Characterization of themorphology and chemical composition of theAg-LIG electrode loadedwith 10 μg ml−1 of AgNP.
(a) FESEM image of electrode surface; (b) FESEM image at highermagnification revealing the distribution of AgNPs; (c) Further
magnification of FESEMshowingAgNPs associatedwith thewalls of the porous LIG; (d)Raman spectra of theAg-LIG electrode
compared to pristine LIG; (e)EDS analysis.
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bothNP-LIG increased by 31.3%, suggesting the formation of newdefects or themodification of existing ones
due to the incorporation ofNPs [37].

Interestingly, the I2D/IG ratio decreased for Ag-LIGbut increased for Pt-LIG. This can be attributed to the
presence of Ag introducing n-type doping effects on LIGwhich could change the electronic property of LIG and
thereby affect the capacitance and sensing effectiveness of the electrode [38]. On the other hand, the increase of
I2D/IG ratio on Pt-LIGmay be explained by the smaller Pt-NPs effectively reduced the number of effective
graphene layers on LIGdue to changes in the graphene sheet stacking behavior [39] and possibly improving
electronic conductivity. These structural and electronicmodifications directly influenced the electrochemical
behavior discussed in the subsequent sections.

The observationsmade fromRaman analyses also suggest oxidation-related structuralmodification of LIG
uponNP loading. The higherD-band intensity and redshift of bothD andGpeaks imply increased disorder
and partial oxidation, which introduce additional oxygen-containing functional groups such asC–Oand
C=O.These groups enhance interfacial wettability and facilitate ion adsorption at the electrode–electrolyte
interface, thereby improving double-layer capacitance and contributing to the enhanced electrochemical
response observed in subsequent sections [40, 41].

3.2. Capacitancemeasurement
3.2.1. Influence of laser fabrication parameters on LIG capacitance
Figure 4 compares the capacitance of LIG electrodes fabricated under various laser powers, with andwithout
NP loading. The capacitance of pristine LIG variedwith fabrication power, which directly affects pore size,
defect density, and sheet resistance, all key determinants of charge storage capacity [42].

AfterNP incorporation, changes in capacitance became strongly dependent on both the baselinemorph-
ology and the extent ofNP interactionwith the LIG surface. As seen in figure 4, electrodes fabricated at 16W
(fluence 37.58 J cm−2) exhibited themost pronounced capacitance enhancement uponAg-NP loading. This

Figure 3.Characterization of themorphology and chemical composition of the Pt-LIG electrode loadedwith 10 μg ml−1 of PtNP.
(a) FESEM image of electrode surface; (b) FESEM image at highermagnification revealing the distribution of PtNPs; (c) Further
magnification of FESEMshowing PtNPs associatedwith thewalls of the porous LIG (d)Raman spectra of the Pt-LIG electrode
compared to pristine LIG; (e)EDS analysis.

Table 2.Ramanpeak location and ratio.

Peak Location (cm−1) Peak Ratio

Electrode D G 2D ID/IG I2D/IG

LIG 1343.29 1577.19 2680.63 0.67 0.74

Ag-LIG 1340.59 1574.58 2673.93 0.88 0.59

Pt-LIG 1324.38 1558.85 2658.27 0.88 0.87
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suggests an optimal balance between porosity and surface conductivity that facilitates both double-layer and
faradaic charge storage.

The cyclic voltammetry (CV) curves at a scan rate of 50mV s−1 shown in figures 5 and 6 depict the current
response of the LIGwith andwithoutNP loading over a potential window. The area enclosed by the curve is
indicative of the charge storage capacity, which is related to the capacitance and can be calculated by:

· ·
=C

IdV

s A V

where I is the voltametric current, s is the voltage scan rate, A is the area of LIG immersed in the electrolyte, and
∆V is the potential window. Each data point represents themean of threemeasurements, with standard
deviations below 10%.

3.2.2. Comparative capacitive response of LIG andNP-LIG to glucose
TheCV curve area of pristine LIG changedwith the presence of 4mMglucose, indicating a certain level of
sensitivity towards glucose. TheAg-LIG electrode in figure 5 exhibits amore pronounced change in its CV
curve upon the addition of 4mMglucose compared to pristine LIG. The increase in theCV curve area indicates

Figure 4.Capacitance comparison of LIG fabricated (average of three samples) at various laser fluences, with andwithoutNP
loading.

Figure 5.CVof LIG andAg-LIGwithout glucose andwith 4mMglucosemeasured at 50mV s−1.
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enhanced interactionwith glucosemolecules due to the presence of AgNP [43]. This improved capacitive
response is consistent with the oxidation-related features observed in the Raman spectra, where increased
surface disorder and oxygen functionalities enhance the interaction between the LIG surface and glucose
molecules, supportingmore efficient charge transfer.

Similarly, in figure 6, Pt-LIGdisplayed a pronounced alteration in its CV response in the presence of glu-
cose, confirming improved sensitivity due to the catalytic properties of Pt. Unlike Ag, Pt facilitates stronger
adsorption and faster electron transfer during glucose oxidation, leading to improved surface reactivity and
electrocatalytic efficiency. These observations indicate that bothNPs contribute to the sensing functionality
described in section 3.3 [44].

3.2.3. Effect of nanoparticle loading concentration on capacitance
Figure 7 illustrates themeasured capacitance of LIG electrodes as a function of the loading concentration of
bothAg andPtNP,measured at a fixed scan rate of 50mV s−1. The capacitance of Ag-LIG increases
continuouslywith increasing loading concentration up to 18 μg ml−1.

In contrast, Pt-LIG showed no improvement at 6 μg ml−1, with gradual enhancement at higher loadings up
to 18 μg ml−1.However, even at themaximum loading, its capacitance remained slightly lower than that of

Figure 6.CVof LIG andPt-LIGwithout glucose andwith 4mMglucosemeasured at 50mV s−1.

Figure 7.Capacitance of LIG at variedAg and PtNP loadingmeasured at a scan rate of 50mV s−1 with visual guide.
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pristine LIG. This behavior implies that Pt incorporation introduced additional structural strain, as indicated
by the Raman redshift, partially offsetting its catalytic benefits.

At excessiveNP loadings, bothAg andPt electrodes exhibited slight performance decline, which can be
attributed toNP agglomeration and partial pore blockage, which hindered ion accessibility and reduced effec-
tive surface area.

It is worth noting that only oneNP sizewas used for eachmetal type (Ag≈ 100 nm; Pt≈ 30 nm) owing to
cost andmaterial availability considerations. This controlled approach ensured that variations in electro-
chemical response could be attributed primarily to differences in loading concentration rather than particle
size effects.

3.3. Glucose sensitivity study
The LIGbased electrode operates as a non-enzymatic glucose sensor, achieved through the direct
electrochemical oxidation of glucose (C6H12O6) at the catalytically active electrode surface. The glucose sensing
mechanism forAg-LIG are detailed as follows:

I. Oxidation of Ag inKCl electrolyte:

[ ]+ +lAg C AgCl e

[ ]+2Ag O Ag O2 2

II. Glucose oxidation facilitated byAg2O to formgluconolactone:

[ ]+ +Ag O HO e 2AgOH2 2

[ ]+ + + +AgOH C H O Ag C H O H O e6 12 6 6 10 6 2

III. Overall glucose detection reaction:

[ ]+ + + +Ag O C H O 2Ag C H O H O e2 6 12 6 6 10 6 2

The formation of gluconolactone (C6H10O6) releases electronswhich are then detected as an electrical cur-
rent in electrochemical analysis. The reduction of Ag2Oback toAg regenerates its catalytic activity for con-
tinuous glucose sensing. Similar processes take place for Pt-LIG in glucose sensing:

I. Oxidation of Pt inKCl electrolyte and in presence of water:

[ ]+ +Pt Cl PtCl e

[ ]+ + ++Pt H O PtO 2H 2e2

II. Glucose oxidation facilitated by PtO to formgluconolactone:

[ ( ) ]+ +PtO H O e Pt OH2 2

[ ( ) ]+ + + +Pt OH C H O Pt C H O H O e2 6 10 6 6 10 6 2

III. Overall glucose detection reaction:

[ ]+ + + +PtO C H O Pt C H O H O e6 12 6 6 10 6 2

TheCV curves (figures 5 and 6) confirm that the incorporation ofNPonto LIG enhances the electrode’s
response in the presence of glucose. As glucose concentration increased, both theCV curve area and peak
current expandedmore prominently forNP-LIG compared to pristine LIG, indicating improved sensitivity
due to catalyticNP activity. This is in agreementwith otherNP-LIGbased electrodes by otherworks in recent
years, attributing to the enhanced catalytic properties byNP [8, 45, 46].

To eliminate baseline drift, the capacitance responseswere normalized to the first five data points
(figures 8 and 9). The sensitivity factor, derived from the slope of the linear region (figure 10), was used to
compute the limit of detection (LOD) [47]:

=LOD
S

3.3

slope

whereσ is the standard deviation of response at 1MKClwithout glucose (blank solution), and Sslope is the
sensitivity factor from the calibration curve.
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Figure 8.Capacitance response (with visual guide) of LIGwith 10 μg ml−1 Ag and PtNPmeasured at a scan rate of 5mV s−1.

Figure 9.Capacitance response (with visual guide) of LIGwith 18 μg ml−1 Ag and PtNPmeasured at a scan rate of 5mV s−1.

Figure 10. Sensitivity factor of Ag-LIG andPt-LIG at differentNP loading concentration to glucose.
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Table 3.Comparison of the performances of LIG-Based sensorswith variousNP for glucose sensing.

Electrolyte Electrode Sensingmechanism Sensitivity

Detection

limit (μM) Linear range References

Artificial Saliva Ag on LIG Amperometry 24.1 μA mM−1·cm2 45 1–2mM [37]
Sweat Pt on LIG 4.62 μA mM−1·cm2 0.3 0–2.1mM [38]
Glucose in Phosphate Buffer (pH7) AuonMWCNT 0.4 μA/mM 20 0.05–22mM [39]
Urine Ni on LIG 57.99mA mM−1·cm2 0.0152 0.012–1.5mM [8]
Glucose in 0.1MNaOH Au-rGO-SWCNT Not reported 0.0022 0–80mM [40]
Sweat Au on LIG 1.2mA mM−1·cm2 1.5 0–30mM [41]
Blood serum CuonLIG 496mA mM−1·cm2 390 1 μM–6.0mM [15]
Glucose in 0.1MNaOH AgNPs/f-GOx/GCE 2.94 μA μM−1 0.001 0–28 μM [6]
Glucose in Phosphate Buffer (pH9) PBA functionalizedGraphene Electrochemical capacitance/

impedance

0.43% a.u. mM−1 (Baseline capacitance
~120 pF)

Not reported 0–27mM [42]

Glucose in Phosphate Buffer (pH7, 4) and
Human Serum

rGO+APBA 0.044 a.u. mM−1 (Baseline impedance

1172Ω)
0.1 0.1–50mM [43]

Glucose in 1MKCl solution Pristine LIG 0.012mF/mM·cm2 7.6 20mM–40mM Thiswork

Ag on LIG 0.052mF/mM·cm2 1.29 20mM–40mM

Pt on LIG 0.045mF/mM·cm2 2.68 20mM–40mM
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The lowest LOD (1.29 μM)was obtainedwith 10 μg ml−1 of Ag loading on LIG (figure 11). This is a 52%
improvement over Pt-LIG (2.68 μM) at the same loading concentration and a significant 83% improvement
over pristine LIG (7.6 μM). At increasing loading concentration, the presence of Ag slightly improved the over-
all sensitivity towards glucose by enhancing the surface area of LIG and catalytic efficiency [48, 49]. Beyond the
threshold of 10 μg ml−1, the sensing performance of Ag-LIG dropped significantly. This can be due to the
aggregation of the larger amount of Ag-NP,manifesting a physical barrier on the LIG surface and thus, hinder-
ing the adsorption of glucosemolecules effectively [50].

Conversely, Pt-LIG at 6 μg ml−1 demonstrated reduced sensitivity towards glucose. This can be attributed
to the enhancement of Pt-NPonLIG’s catalytic properties being superior to that of Ag [51], where the strong
adsorption of glucosemolecules on the LIG surfacemay lead to a reduction in porosity and accessibility of
activation sites, causing a decrease in overall capacitance and sensitivity towards glucose. A decrease in sensitiv-
itywas also observed for Pt-LIG at 18 μg ml−1, similar toAg-LIG, due to excessiveNP aggregation, which is
consistent with the observed high LOD.

Table 3 highlights that the proposedAg-LIG systemdemonstrates competitive detection limits among
recent LIG-based glucose sensors.While other works employ amperometry [20, 52–55] and electrochemical
impedance [56, 57] for glucose detection, ourwork emphasises electrochemical capacitance as a viable alter-
native for non-enzymatic glucose sensing. Amongmany capacitive sensors, [58] reported a capacitive pressure-
based glucose sensor usingmicrobridge electrodeswith limited focus onNPmodified carbon surfaceswhile
[59] introduced an advancedNP-functionalised graphene sensor optimized formicromolar glucose detection,
ourwork uniquely targets high-concentration (gram-per-litre) industrial regimes using a flexible LIGbase
modifiedwithAg and PtNP.

The incorporation of AgNP in our electrode optimally enhances both capacitance and glucose sensitivity,
which can be attributed to improved charge transfer at the electrode–electrolyte interface, increased accessible
surface area for glucose adsorption, and the catalytic redox activity of Agwhich facilitates efficient glucose
oxidation and electron transport.

4. Conclusion

In thiswork,wedemonstrated the enhancement of electrochemical capacitance-based glucose sensing
performance by decorating LIG electrodeswithmetallicNPs.Comparative capacitive sensing analysis of pristine
LIGwithAg andPt loaded variants revealed thatNP loading significantly increases the sensitivity and lowers the
detection limit in a single-use non-enzymatic sensing configuration. The optimal loading concentrationwas
identified to be 10μgml−1 for bothAg andPtNP, achieving sensitivities of 0.0449mF/mM·cm2 and
0.052mF/mM·cm2, respectively - substantially surpassing that of pristine LIG.The lowest detection limit
achievedwas 1.29μMforAg-LIG, demonstrating strongpotential formonitoring glucose concentrations
releveant to industrial fermentationprocesses.

Performance degradationwas observed beyond the optimal loading concentration, attributed toNP
agglomeration and surface site blockage. This finding underscores the importance of balancingNP coverage to
optimize catalytic enhancementwhilemaintaining surface accessibility. As this study prioritized establishing

Figure 11. Limit of detection of Ag-LIG andPt-LIG at differentNP loading in glucose sensing.
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electrochemical performance and optimization ofNP loading, FTIR analysis was reserved for subsequentwork
aimed at correlating surface chemistrywith capacitive behavior. This future inclusionwill strengthen under-
standing of oxidation effects and interfacial properties. To further explain interfacial charge-transfer dynamics,
electrochemical impedance spectroscopy (EIS) is proposed for futurework. This would help decouple double-
layer capacitance and quantum capacitance contributions and provide insight intoNP-LIG interfacial behavior
under varying analyte concentrations.Overall, this study provides insight into the structure–property relation-
ships ofNP-LIG electrochemical interfaces, offering a cost-effective, flexible, and scalable platform for capaci-
tive, non-enzymatic analyte detection. Futureworkwill focus on real-time, in-line glucose sensing in food
manufacturing environments to evaluate long-term stability and process integration potential, as well as
expansion to include interference and selectivity tests for realistic fermentation and processmonitoring
conditions.
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