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ABSTRACT: Accurate glucose sensing is crucial for diabetes management, with Fs-taser ||
nonenzymatic electrochemical devices promising enhanced durability and texturing

sensitivity. Nonetheless, widespread commercialization remains challenging, with
the market still being dominated by their enzymatic counterparts. This study
reports on the feasibility of femtosecond-laser texturing of glass followed by thin

gold layer deposition to create a highly active and microchip-compatible glucose Gold

sensing platform. The laser treatment enables significant nanostructuring of the sputtering

glass substrate, remarkably resulting in an 8 times greater surface area compared to N/ 8Ar)es

flat gold films on glass. The electrodes were calibrated via both potentiostatic and Vv 10X
potentiodynamic techniques. The laser-treated electrodes displayed in chro- sonsiivty

noamperometry a sensitivity to glucose of 63.9 + 1.2 yA-cm™>mM " in the 0.25

mM to 4 mM range and of 42.6 + 0.8 yA-cm™>mM ™’ ranging from S mM to 10 mM. Compared to the flat film gold electrodes, the
sensitivity was strikingly S-fold and 10-fold greater for the two linear ranges. The effect of chlorides on gold was discussed both in
terms of leaching from the AglAgCl reference electrode during sulfuric acid cycling and in terms of sensitivity decay in phosphate
buffer solutions with physiological chloride concentrations. The combination of femtosecond-laser texturing with thin film
deposition aims to facilitate the integration with preexisting glass-supported integrated sensing platforms, such as microfluidic
systems for point-of-care applications. Its implementation offers substantial versatility, allowing for fine-tuning of the
physicochemical properties of the electrode through straightforward adjustments in the deposition protocol parameters.

Bl INTRODUCTION being investigated as nonenzymatic glucose electrocatalysts
due to their low cost and high sensitivity. However, their
activity is currently restricted to alkaline conditions, rendering
them unsuitable for real-time monitoring applications. In
contrast, noble metals (e.g,, Pt,'”"* Au,""~*' Pd,”*~** and Ir"°)
are promising candidates due to their unique capacity to
oxidize glucose at a physiological pH of 7.4. Among these, Au
has garnered significant interest over time due to its
remarkable electroactivity for glucose oxidation,”® despite its
weak chemisorptive properties stemming from filled d-
orbitals.”” Due to their distinctive electronic configuration,
gold electrodes are not susceptible to the blocking of active
sites by the adsorption of glucose oxidation products, as
opposed to other noble metals, such as Pt.”* Furthermore, as
far back as 1985, Vassilyev et al.”® documented the superior
glucose selectivity of Au in comparison to both Pt and Pt—Au
alloys. Although gold electrodes lack a selective oxidation

Diabetes is a critical worldwide health emergency, marked by
an ever-increasing prevalence.' The effective management of
this condition hinges on the precise measurement of blood
glucose levels. In 1962, the pioneering work of Clark
introduced the first electrochemical glucose sensor.” The
device operated by entrapping the enzyme glucose oxidase in a
semipermeable dialysis membrane over an oxygen electrode.
Subsequent advancements significantly improved the perform-
ance of the enzymatic biosensors, first by the incorporation of
artificial electron acceptors to improve the selectivity and
reduce the oxygen-induced fluctuations® and later by enabling
the direct electron transfer between the enzyme and the
electrode through the utilization of conductive polymers and
nanomaterials.” Although enzymatic glucose biosensors
dominate the market, they are still riddled with significant
limitations. Foremost among these are their sensitivity to
temperature and pH, which complicates the sensor storage,
transportation, and usage, ultimately necessitating replacement Received:  October 10, 2024
every 2 weeks.”~® In contrast, nonenzymatic sensors exhibit Revised:  January 29, 2025
enhanced durability, superior sensitivity, and greater ease of Accepted: January 31, 2025
miniaturization, as they are not constrained by the presence of Published: February 28, 2025
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macro-sized biomolecules.” = Materials such as silver = or
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metal oxides (e.g, CuO, = Co;0,, ~ Nj, ° and VOx'®) are
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mechanism, the effect of interferents (e.g., ascorbic acid, uric
acid, and acetaminophen) can be minimized by adjusting the
amperometric potential.*” ' This is also facilitated by the 20
to 40 times lower concentration of interferents in real body
fluids compared to glucose.32 Nonetheless, it should be noted
that when used in vivo, amino acids can lead to surface fouling;
thus, a semipermeable membrane, such as Nafion, should also
be included in a ready-to-market design.”*’* Critically, two
important requirements also need to be addressed: resistance
to chlorides and high sensitivity. Halide poisoning of Au is an
insidious issue that leads to the deactivation of the catalyst at
physiological chloride concentrations.*>*® In light of this, it is
essential to evaluate the performance of gold electrodes as a
function of chloride concentration under real operating
conditions. This assessment serves as a fundamental step
toward the development of more poisoning-resilient electro-
des. Conversely, sensitivity enhancements can be obtained
more readily by increasing the surface area, and nano-
technology shows great promise in this regard. Various
methods have been employed to fabricate nanostructured
gold electrodes,””** encompassing direct electrostatic assem-
bly,”” covalent linking,"" polymer entrapment or comixing,
sol—gel processes,41 electrochemical etching,42 and electro-
deposition.”” Nevertheless, many of these fabrication ap-
proaches entail the use of hazardous chemicals or involve
cumbersome procedures, de facto limiting their large-scale
manufacturability.

Recently, femtosecond-laser direct writing has emerged as a
promising technique for the control of surface patterns,
enabling precise manipulation over the physical and chemical
properties of the interface.**™*” Through the localized ablation
of solid surfaces, it allows for the production of intricate
micro/nanostructures with enhanced surface area*®™>! and
superhydrophilic properties.”> >* While it has been effectively
employed in diverse fields such as micromachining,”> photonic
devices,”® and microfluidics,””*® its application in the context
of electrochemical sensors is still in the early stages. Previous
investigations into femtosecond-laser treatments for glucose
sensing include the work by Wang et al.* on copper foil
electrodes and Gao et al.>” on nickel foam electrodes. Later,
Chen et al.®" applied a similar approach to copper foam
electrodes. Unfortunately, these bulk electrode treatments are
hard to apply to microfabricated devices due to the inherent
susceptibility of thin films to complete ablation.

Herein, we propose a process of femtosecond-laser glass
nanostructuration, followed by thin layer deposition of Au. As
a fabrication strategy, it aligns well with a cleanroom process
flow while minimizing the catalyst loading and allowing for a
wide range of adjustments in the deposition phase. This
approach aims to streamline the integration with established
glass-supported sensing platforms such as microfluidic systems
for point-of-care applications. In parallel, it establishes a clear
trajectory for advancing the field of integrated glucose sensors
and other sensing technologies at large.

B EXPERIMENTAL SECTION

Chemicals. Potassium hydroxide (KOH, 86.2%) was
purchased from VWR Chemicals (USA). Sodium phosphate
monobasic (NaH,PO,, >98.0%), sodium phosphate dibasic
heptahydrate (Na,HPO,-7 H,0, >98.0%), p-glucose
(CeH,04 >99.5%), potassium chloride (KCL, >99.0%),
sulfuric acid (H,SO,, >95.0%), and nitric acid (HNO,;, 70%)
were obtained from Sigma-Aldrich (Germany). All chemicals
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were used as received without further purification. Aqueous
solutions were prepared using ultrapure water with a resistivity
higher than 18 MQ-cm.

Sample Preparation. Thin film gold electrodes were
fabricated by using an RF magnetron sputtering technique with
a deposition power of 50 W onto borosilicate glass wafers
(Borofloat 33). The working pressure was 3.2 X 107 mbar,
and the base pressure was 5.5 X 107> mbar. A photoresist
(S1818) was applied to the surface at a rotation speed of 3000
rpm for 45”. Subsequently, the wafer was baked on a hot plate
for 2 min at 100°C. After dicing into 7 X 14 mm, the
photoresist was stripped by immersion in acetone for 5 min,
followed by rinsing with acetone, isopropyl alcohol (IPA), and
deionized water. Tape was applied to the produced electrodes,
defining a geometrical surface area of 0.49 cm’.

Electrochemical Experiments. Electrochemical experi-
ments were conducted using a multichannel potentiostat
(MultiPalmSens4, PalmSens, Netherlands) in a three-electrode
configuration. The potentials were measured and referred to a
triple junction AglAgCl reference electrode (Sigma-Aldrich,
Germany). A platinum coil served as a counter electrode. For
experiments conducted in H,SO, solution, a triple junction RE
with its outer bridge filled with 0.5 M H,SO, solution was
employed. For experiments conducted in PBS, a triple junction
RE with its outer bridge filled with 0.1 M PBS was employed.

Laser Texturing. The fabrication of nanostructured gold
electrodes was performed in two stages, starting with the laser
treatment of a borosilicate glass wafer followed by the sputter
deposition of a thin layer of gold. To texture the glass, a
Yb:KGW femtosecond laser (CARBIDE, Light Conversion)
with a maximum average power of 20 W, a pulse duration of
250 fs, and a wavelength of 1030 nm was used. The substrates
were placed on a high-precision five-axis mechanical platform
synchronized with a 2D galvo scanner. The laser beam had a
Gaussian intensity profile with a spot size (d(1 /e)z) of 16 pm.

The borosilicate glass substrate was subjected to laser ablation
using a laser energy of 2 uJ and a pulse repetition rate of 1
MHz. Two scanning passes were performed with a scanning
speed of 1000 mm/s and a hatch spacing of 10 pm. The
selection of parameters was determined through our own
methodology.

Surface Characterization. The structured electrodes were
characterized using a scanning electron microscope (Philips
X130 FEG) operating at an accelerating voltage of 10 keV.
Grazing incidence X-ray diffraction (GIXRD) analysis was
performed with a PANalytical X'Pert Pro diffractometer with a
Cu Ka source. All GIXRD patterns were acquired without a
monochromator and with an incident angle of 2°. For the
AFM characterization, an Agilent 5500 AFM equipped with a
MAC III controller was employed for morphological imaging
in intermittent contact mode under ambient air conditions.
MSNL-F probes (resonance frequency f = 120 kHz, spring
constant k = 0.6 N/m, and tip radius of curvature < 12 nm)
were utilized. The AFM topography images were processed
using Gwyddion.®" The images were leveled and line-corrected
in Gwyddion, which was also used to calculate the RMS
roughness (Sq). For both the bare and nanostructured
electrodes, at least two areas were imaged and analyzed on
three separately prepared samples.

https://doi.org/10.1021/acsomega.4c09270
ACS Omega 2025, 10, 9165-9176
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Figure 1. Secondary electron images at 20kX magnification of bare borosilicate glass (a), bare glass +300 nm of Au (Bare Au) (b), laser-structured
borosilicate glass (c), and the borosilicate glass substrate covered with a 200 nm layer of Au (NS Au) (d); (e) atomic force microscopy image of
Bare Au; (f) atomic force microscopy image of NS Au; (g) GI-XRD at a grazing angle of 0.5° of Bare Au and NS Au.

B RESULTS AND DISCUSSION

Morphological and Crystallographic Characteriza-
tion. The surface morphology of the substrate as a result of
femtosecond-laser texturing and the subsequent thin Au layer
deposition was investigated using a scanning electron micro-
scope (SEM). The untreated borosilicate glass wafer is shown
in Figure la, displaying a surface devoid of submicrometer
features, generally smooth with some scratch marks. Given the
insulating nature of the glass substrate, 5 nm of Pd was
deposited on top prior to imaging to avoid charging effects.
Figure 1b shows the untreated glass substrate covered by a thin
layer of Au (300 nm). We will henceforth refer to it as "Bare
Au". Clearly, the RF sputtered film follows the underlying
substrate morphology well, resulting in a flat and even
smoother surface. In contrast, the borosilicate glass wafer
after irradiation with a femtosecond laser presents an extremely
rough surface (Figure 1c), with hierarchical structures that
range from tens of nanometers to at most a micron.

Material removal during fs laser texturing is a nonthermal
process that occurs through mechanisms such as spallation,
phase explosion, fragmentation, vaporization, and Coulomb
explosion.””*® The observed surface morphology in this study
(Figure 1c) can be attributed to the redeposition and fusion of
nanoparticles resulting from vaporization,”* which happens
when the absorbed laser energy exceeds the cohesive energy of
the irradiated material at higher laser fluences. On top of the
roughened glass substrate, a thin film of Au (200 nm) was later
deposited (Figure 1d). The selected thickness was the result of
a compromise between conformality and complete coverage.
This approach resulted in a fully covered Au surface, which
well replicated nanofeatures of the underlying support. We will
thus refer to this electrode as "NS Au”, standing for nano-
structured Au. The impact of the difference in thickness
between Bare Au and NS Au is negligible, as the glucose
electrooxidation reaction is a surface process and the sheet
resistance is known to be extremely similar for 200 and 300 nm
sputtered Au films on glass.”> Atomic force microscopy (AFM)
measurements on three independent samples of Bare Au
(Figure le) and NS Au (Figure 1f) reveal an almost 40-fold
increase in root-mean-square roughness, from 4 to 150 nm.
Grazing incidence X-ray diffraction analysis performed on Bare
Au and NS Au samples (Figure le) revealed the presence of 4
diffraction peaks associated with Au for both electrodes,
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specifically, at 38.3°, 44.4°, 64.7°, and 76.6° respectively,
associated with the (111), (200), (220), and (311) crystal
planes of face-centered cubic Au (JCPDS no. 04—0784).
However, Bare Au exhibited different intensity ratios than
expected, with the most intense peaks being associated with
the (220) and (311) planes, as opposed to the (111) and
(200) planes.’*®” The prevalence of (220) crystallites over
(111) crystallites has been documented by Chen et al.’® in
their investigation of Au thin films by e-beam evaporation on
borosilicate glass. According to their findings, the high (200)/
(111) intensity ratio was attributed to the differential growth
rate of the crystallites in a the narrow thickness range of 100
nm—200 nm. The use of a different deposition technique and
the presence of a Ti adhesion layer may explain why we
observe a high (200)/(111) ratio for Bare Au at slightly greater
thicknesses. In contrast, for NS Au, the intensity ratios
matched very well with those in the literature, likely due to the
highly textured nature of the support that mitigated any
preferential growth. The average crystallite size was estimated
with the Scherrer formula:

094
P-cos O (1)
where “A” is the wavelength of X-ray (0.1541 nm), “f” is the

FWHM (full width at half-maximum), “@” is the diffraction
angle, and “d” is the mean crystallite diameter. The calculated
d(111) is marginally higher for Bare Au compared to NS Au,
with the former exhibiting a mean size of 21.5 nm and the
latter measuring 20.5 nm. Similarly, the value for d(5 is
slightly greater in Bare Au, measuring 19.8 nm, in contrast to
17.4 nm in NS Au.

Electroactive Area Determination and H,SO, Cycling.
Having observed via SEM substantial morphological differ-
ences between the Bare Au and NS Au electrodes, it was
necessary to determine in a quantitative way the increase in the
surface area (SA) associated with the laser-treated samples. To
do so, we implemented a procedure widely used in the
literature'”*"” that consists of cycling the potential between
—0.2 V and 1.6 V (vs AglAgCl) in an aqueous solution of 0.5
M H,SO,. Under these conditions, Au undergoes a process of
surface oxide formation at anodic potentials (starting at ~1 V
vs AglAgCl), which gets subsequently reduced in the return

https://doi.org/10.1021/acsomega.4c09270
ACS Omega 2025, 10, 9165-9176
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Figure 2. (a) Cyclic voltammograms in 0.5 M H,SO, electrolyte solution for the Bare Au electrode with and without the use of a 0.5 M H,SO,
bridge; v = 100 mV/s. (b) Calculated surface area by integration of the Au oxide reduction peak for the Bare Au electrode, with and without bridge.
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Figure 3. (a) Cyclic voltammograms in 0.5SM H,SO, electrolyte solution for the Bare Au and NS Au electrodes. (b) Calculated surface area by
integration of the Au oxide reduction peak. (c) Cyclic voltammograms normalized with respect to the current maximum of Bare Au and NS Au in
0.5M H,SO, (20th scan). (d) Cyclic voltammograms at the 20th cycle fitted in the region of oxide formation in 0.5SM H,SO, for the Bare Au and

NS Au electrodes v = 100 mV/s.

scan in a well-defined peak (peak A in Figure 2a). Under the
approximation of a surface oxidation involving exactly a
monolayer, the charge associated with its reduction is
proportional to the SA of Au through eq 2.

Q
v Qos

SA =

)

where Q, corresponds to the area under the cathodic peak; v
represents the scan rate, and Q,, = 384 C/cm” is the charge
density required to reduce a monolayer of oxide per unit of the
surface area.”’ An additional advantage of this procedure is the
removal of contaminants from the surface, being successfully

used as a relatively mild cleaning step.”' ™"
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The Effect of Chlorides on the Gold Oxide Formation and
Reduction. Although AglAgCl reference electrodes are widely
used both in analytical laboratories and in commercial glucose
biosensors,”* the instability of Au in the presence of mere
traces of chlorides®”> complicates its practical use for the
present application. To assess this issue, we monitored the
cycle-to-cycle evolution of a Bare Au electrode in 0.5 M H,SO,
using a common double junction AglAgClI reference electrode
(Figure S1). Indeed, the chloride ions from the reference were
observed to leak into the electrolyte and lead to the direct
electrochemical dissolution of Au, in accordance with the
findings of Xu et al.’® The dissolution process involves the
formation of soluble gold chloride complexes, following

.77
commonly proposed reactions:
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with reaction 33 reported’®”” to dominate at more cathodic

potentials (~<1.1 V vs SCE) and lower Cl~ concentration
(<100 uM ), and reaction 44 at higher concentrations.””*’ As
a result, under these conditions, we expect mostly Au(III)
complexes to form.

Consistent with the report of Tian et al,”> two anodic peaks
at 1.1 and 1.3 V are observed (blue curve in Figure 2) that can
be attributed to the combined effect of gold dissolution and
oxide formation. In the return scan, the gold complexes
resulting from the electrochemical dissolution can be reduced
and redeposit gold on the surface. This leads to the emergence
of a second cathodic peak at 0.8 V, labeled “peak B” in Figure
2a, in addition to the gold oxide reduction (peak A in Figure
2a). To minimize the effect of chloride leakage, a triple
junction AglAgCl reference was employed with the outer
bridge filled with 0.5 M H,SO,. The absence of the reduction
peak B when the bridge was used (red curve in Figure 2a)
indicates that the gold etching and redeposition effect was
effectively inhibited. Nonetheless, it should be mentioned that
the sulfuric acid solution might already contain some small
amount of chloride impurities. In their rotating ring disk study,
Cadle and Bruckenstein’ estimated a Cl~ concentration of
0.22 uM for a 0.2 M H,SO, solution. Due to the competitive
effect of CI™ adsorption,” the voltammogram without a bridge
shows a 13 mV anodic shift in the onset potential of gold
oxidation and a slight (3 mV) anodic shift in the oxide
reduction peaks. To calculate the surface area for the two
voltammograms in Figure 2a, we first integrated the oxide
reduction current. Peak A with the bridge was integrated using
the trapezoidal method, while without the bridge, we used a
Lorentzian fit to separate gold reduction from redeposition
contribution. eq 2 vyielded the surface area for both
configurations (Figure 2b). The Bare Au electrode cycled
without a bridge exhibited an approximately 10% lower SA,
suggesting that chlorides effectively decrease the surface
roughness of the electrodes. This assessment is consistent
with earlier scanning tunneling microscopy (STM) studies on
Au substrates®"*> which demonstrated enhanced step mobility
resulting in smoother terraces when chlorides were present
during the formation and reduction of the gold oxide.

Surface Area Comparison. In light of the adverse impact of
chlorides on Au morphology and SA measurements, all
subsequent experiments used a triple junction AglAgCl
reference with a bridge filled with 0.5 M H,SO,. Accordingly,
we assessed the surface area of three Bare Au electrodes
(Figure S2) by integrating the oxide reduction peak on the
20th scan and applying eq 2. These samples exhibited a mean
SA of 0.67 + 0.03 cm? with a roughness factor of 1.36,
consistent with other reports on Au sputtered films on glass.”

The minimal intersample variation in SA can be attributed to
the highly reproducible microfabrication process. With this
reliable baseline established for a gold film on a flat substrate,
we applied the same characterization procedure to NS Au,
consisting of a thin gold film on a nanostructured support. The
comparison of cyclic voltammograms in H,SO, for both the
Bare Au and NS Au electrodes is presented in Figure 3a. The
corresponding computed SA values are depicted in the bar plot
in Figure 3b. The calculation was based on three independent
NS Au electrodes (Figure S3), resulting in a mean SA of 5.3 +
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0.3 cm? corresponding to a remarkable roughness factor of
10.8.

Exposed Facet Evaluation and Surface Energy. Within the
potential range of 1.1 to 1.5 V, three distinct peaks emerge in
the forward scan (Figure 3c), each associated with specific
crystallographic facets.”* The first peak, positioned at 1.20 V +
10 mV, corresponds to the (100) crystal facet. Subsequently,
the second peak at 1.27 V + 10 mV is attributed to the (110)
facet, while the third peak at 1.37 V + 10 mV aligns with the
(111) facet. Figure 3c illustrates the CVs of Bare Au and NS
Au, normalized to the peak maximum. Remarkably, NS Au
displays a heightened (110) component and a diminished
(111) contribution compared to Bare Au—while presenting a
CV with a shape resembling that of nanoporous Au
electrodes.”>*® To attempt to quantify each contribution,
Gaussian components are fitted to each CV on a quadratic
baseline. Although widely employed, such a procedure presents
some limitations, as summarized by Olaya et al.%® The resulting
peak positions, widths, and areas for three samples of Bare Au
and NS Au are detailed in Tables S1 and S2, respectively. At
the 20th cycle of Bare Au, the (111) facet dominates,
contributing 48% to the total area, followed by (110) at 37%
and (100) at 15%. In contrast, NS Au exhibits (110) as the
primary peak, constituting 48% of the total area, followed by
(111) at 37% and (100) at 17%. Multiplying the facet fraction
by the surface energy of each facet®” provides an overall
estimate of the surface energy. NS Au, with a surface energy of
1.77 J/m?, is less thermodynamically stable compared to Bare
Au, which exhibits a surface energy of 1.72 J/m’. This
difference can be attributed to the reduced fraction of the most
stable (111) facet in NS Au compared to Bare Au.

Electrochemical Sensing of Glucose. Incipient Oxide
Formation by Electrochemical Activation. Although seldom
mentioned, gold-based non-enzymatic electrochemical glucose
sensors always require to be activated, and this can be related
to the electrocatalytic nature of gold at neutral pH. In their
investigation, Vassilyev et al.”° proposed the hydrous gold
oxide AuOH, to be the active species due to the pronounced
pH dependency of the process. This interpretation aligns well
with the Incipient Hydrous Oxide Adatom Mediator
(IHOAM) model by Burke,***’ which posits that the
formation of incipient hydrous oxides in the premonolayer
region determines the electrocatalytic properties of gold. The
hydrous oxide can be generated by the anodic discharge of
water at neutral pH,” with electrochemical cycling promoting
its formation.”" Rodriguez—L()pez et al.”> employed a scanning
electrochemical microscope to evaluate and quantify the
formed hydrous oxide during cycling in both PBS and Tris-
H,SO, buffer solutions. However, Wooten et al. later observed
that the hydrous oxide formed in the Tris-H,SO, buffer was
inactive toward glucose,”’ as opposed to the one formed in
PBS. The discrepancy was attributed to the specific adsorption
of the counterions that block the active sites.

To determine how many cycles were required to complete
activation, we cycled Bare Au and NS Au between —0.2 and
1.2 Vin 0.1 M PBS with 10 mM glucose at 100 mV/s. The
glucose electrooxidation current was observed to increase and
eventually stabilize after 30 cycles for Bare Au and 10 cycles for
NS Au (Figure S4). Therefore, we determined that 30 cycles in
0.1 M PBS were adequate to attain a stable and active state,
and we performed this activation process before each
measurement (refer to Figure SSab for the cycle-to-cycle
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with 10 mM of glucose. (b) Cyclic voltammetric calibration of Bare Au in 0.1M PBS solution with various concentrations of glucose (0.5 mM, 1
mM, 2 mM, 4 mM, 8 mM, and 10 mM). In the inset, the linear relationship between the peak current density (peak A2r) and the glucose
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and 10 mM). In the inset, the linear relationship between the peak current density (peak A2r) and the glucose concentration is shown. (d) Bar plot
representing the sensitivities of the Bare Au and NS Au electrodes toward glucose. v = 100 mV/s. Data are presented as mean + SD with n = 3.
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Figure S. (a) Chronoamperometric curves of the Bare Au electrode in 0.1M PBS (6 mM glucose) with a stir bar rotation speed of 375 rpm at an
applied potential from 0.2 to 0.4 V in steps of 0.05 V. (b) Bar plot representing the current density at equilibrium (after 150s).

activation voltammograms of Bare Au and NS Au,
respectively).

Cyclic Voltammetric Calibration. After subjecting the
electrodes, both Bare Au and NS Au, to 30 activation cycles,
we proceeded to assess their respective glucose-sensing
capabilities using cyclic voltammetry (CV).

In Figure 4a, the corresponding voltammograms in 0.1 M
PBS with 10 mM glucose are displayed. Intriguingly, four
discernible peaks emerge in the case of NS Au electrodes,
denoted as Al at 0.05 V and A2 at 0.3 V during the forward
scan, and their counterparts, Alr and A2r, during the backward
scan. Conversely, for the Bare Au electrodes, mainly A2 and
A2r peaks are observed, with Al and Alr being little more than
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a shoulder. It is noteworthy that Al and Alr, as well as A2 and
A2r, correspond to the same redox transition. In their work on
single crystal Au electrodes, Hsiao et al.”’ observed how the
crystallographic orientation of the exposed Au planes exerts
influence over whether a CV exhibits two or four peaks.
Accordingly, the CV of Bare Au in PBS in the presence of
glucose closely corresponds to that of a single crystal Au (111)
electrode. This finding is consistent with our H,SO, CV
fittings (Figure 3d), which indicated a higher proportion of
(111) facets. NS Au exhibits a response reminiscent of
Au(110) and Au(100) electrodes, with its characteristic four
peaks, as anticipated due to the prevalence of exposed (110)
facets in H,SO, cycling.
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Table 1. Comparison of the Sensing Performance for Bare Au and NS Au Electrodes with Other Au-Based Materials”

Potential (V)© Linear Range (mM)

Bare Au 0.25 0.25—-4
- 5-10
NS Au - 0.25—4
- - 5-10
AuNP/GONR/CS 0.2 0.005—4.92
- 4.92—10
AuNP/Gr/GC 0.45 0.5-9
Au/LSGE 0.2 0.5-20
Au/TiO, 0.15 0.05-3
AuNT 0.25 0.005—16.4
Au/MnO, 0.2 0.5—-10

Sensitivity (uA-cm™>mM") LOD (uM) ref
122 + 0.5 2.9 This work
43 + 0.3 8.2 -

639 + 12 9.9 -
42.6 + 0.8 14.8 -
59.1 S 96
314

1.1 5SS 97
15.14 210 98
45 50 929
44.2 2.1 19
13.1 - 100

“The solution is PBS at neutral pH in the absence of chlorides, and the sensitivity is expressed with respect to the geometrical area. bExpressed Vs,

AglAgCl (3 M).

We recorded the CVs in 0.1 M PBS at various glucose
concentrations, taken at 0, 0.5, 1, 2, 4, 8 and 10 mM.
Subsequently, we produced a calibration plot by expressing the
current density of the strongest oxidation peak (A2r both for
Bare Au and NS Au) as a function of the glucose
concentration. Figure 4b illustrates the cyclic voltammograms
obtained in the third cycle for the Bare Au electrode,
accompanied by the calibration plot derived from three
independent calibrations. Similarly, Figure 4c shows the
corresponding data for the NS Au electrode based on three
independent calibrations. Figure 4d provides a direct
comparison of the sensitivity between the NS Au and Bare
Au electrodes. Both NS Au and Bare Au displayed very good
linearity (R* = 0.99) within the 1—10 mM range of glucose
concentration. Specifically, Bare Au showed a sensitivity of
19.85 + 0.52 pyA-cm™>mM™" and NS Au 46.54 + 0.89 uA-
cm2mM

Chronoamperometric Calibration. While cyclic voltamme-
try offers valuable insights, its use as an analytical technique is
limited by its inherent semiquantitative nature. This is
primarily because distinguishing faradaic from nonfaradaic
components can be challenging.”™ As a result, the character-
ization of the sensors was complemented with a chronoam-
perometric calibration. To achieve the maximum current
density with the microfabricated electrodes, it was first
necessary to optimize the applied potential. For this purpose,
the chronoamperometric response of the Bare Au electrode in
a 0.1 M PBS solution containing 6 mM glucose was recorded
under stirring conditions. The applied potentials were varied

4
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from 0.2 to 0.4 V in 0.0S V increments, as illustrated in Figure
Sa. Subsequently, after allowing for sufficient equilibration time
(150 s), the current density was evaluated and expressed as a
function of the applied potential in the bar plot presented in
Figure 5b. As expected, the highest current density was
observed at 0.25 V. This potential coincides with position A2r,
corresponding to the most intense peak in cyclic voltammetry,
as shown in Figure 4a.

The optimized potential for Bare Au was extended to NS
Au, as its main peak in CV (A2r) lay at a similar potential. The
following experiments were thus conducted under continuous
stirring (375 rpm) at a fixed applied potential of 0.25 V (vs Agl
AgCl) with the addition of 0.25 mM glucose until 1 mM and
then in steps of 1 mM until 10 mM. Based on the
chronoamperometric curves (Figure S6), a calibration plot
was produced by averaging the value of the current density in
the middle 10 s for each 30 s step, in order to minimize
fluctuations. The result of three independent calibration
experiments for both Bare Au and NS Au is shown in Figure
6a. The sensitivity in the 0.25—4 mM range was 12.2 + 0.5 yA-
cm™>mM™! and 63.9 + 1.2 /JA-cm_z-mM_1 for Au Bare and
NS Bare, respectively. On the other hand, the sensitivity in the
5—10 mM glucose concentration was 4.3 + 0.3 HA-cm™>
mM™" and 42.6 + 0.8 yA-cm™>mM™! for Bare Au and NS Au,
respectively. Notably, a high coefficient of determination R* =
0.99 was obtained for all linear interpolations. We conducted
an accuracy assessment by evaluating the linear relationship
between the observed concentrations and the concentrations
estimated from linear fits. Figure S8 shows the estimated
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mM for Bare Au (c) and for NS Au (d). v = 100 mV/s.

concentrations versus the actual concentrations for the two
linear ranges of Bare Au and NS Au, with an overlaid linear
regression line. For NSAu, the slope of the plot was 0.99 in
both linear ranges, indicating strong agreement between the
estimated and observed concentrations. In contrast, Bare Au
showed a slope of 0.99 for the first linear range but the slope
decreased to 0.96 in the second range, suggesting a slight
deviation from linearity as the concentration increased. It
should be noted that the sensitivity increase from Bare Au to
NS Au scales with a factor of § and 10 for the first and second
linear ranges, respectively, similar to the increase in ESA
(factor 8).

The limit of detection (LOD) was calculated using the
following formula:”®

3.3
LOD = Oblank .

where S is the sensitivity and oy, corresponds to the
standard deviation for three samples of the mean current
density from 40 s to 45 s after polarization, prior to the first
glucose addition. For Bare Au, the LOD in the 0.25—4 mM
and 5—10 mM ranges is 2.9 uM and 8.2 uM. For NS Au, the
LOD in the 0.25—3 mM and 4—10 mM ranges is 9.9 M and
14.8 yM. Table 1 summarizes the calculated sensitivity and
LOD for Bare Au and NS Au in the observed linear ranges and
compares them with other Au-based sensing platforms
proposed in the literature. Although not exhaustive, Table 1
clearly demonstrates that our proposed system competes
favorably with electrodes modified by using more time-
consuming methods, such as wet chemistry synthesized
nanoparticles.
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Chloride Resistance. The work by Makovos et al.'”" and
subsequently by Pasta et al.'’” has underscored the adverse
impact of chlorides on gold electrodes used in glucose sensing.
As previously discussed, Au catalysts necessitate a preliminary
CV cycling step before sensing (Figure S4). Hence, it is
desirable to explore the chloride resistance of Au-based
catalysts within the same potential range. Accordingly, CV
experiments were conducted in a 0.1 M PBS solution
containing a physiological concentration of glucose (6 mM),
with varying chloride concentrations.

We first examined the effect of chlorides by incrementally
increasing their concentration in 5 mM intervals for Bare Au
(Figure 7a) and NS Au (Figure 7b). As chlorides are added,
their specific adsorption competes with the oxide formation,
progressively leading to (1) an anodic shift of the gold oxide
onset potential, (2) the rise of a gold dissolution peak at %1V,
(3) an anodic shift and intensity reduction of the gold
reduction peak at 0.4 V, and finally, (4) a notable reduction of
the glucose electrooxidation peak.

Already at S mM CI7, a substantial current drop was
observed for all glucose peaks (Al, A2, Alr, and A2r shown in
Figure 4). Specifically, peak A2r (Figure 4a), the most
prominent peak, exhibited a high susceptibility to chlorides,
decreasing by 66% for Bare Au and 73% for NS Au. The
smaller return peak Alr witnessed an even more significant
current decrease: a complete loss of signal for Bare Au and a
91% reduction for NS Au. Similarly, peak Al also virtually
disappeared, experiencing a 90% signal loss for Bare Au and a
76% reduction for NS Au. In contrast, the forward peak A2
appeared to be relatively more resilient to chloride adsorption,
with only a 23% reduction for Bare Au and 28% for NS Au.
Although for CI” < 25 mM, NS Au and Bare Au behaved
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similarly, when increasing the CI~ concentration in steps of 25
mM until 100 mM (Figure 7c,d) the NS Au electrode saw
significantly greater rates of electrochemical dissolution
compared to Bare Au. This difference may be attributed to
the greater fraction of (111) facets on Bare Au, which are
characterized by a lower surface energy and work function in
comparison to the (110) and (100) facets. Based on these
findings, a number of more sophisticated strategies should be
investigated, such as optimizing the potential windows of
activation to minimize material dissolution, investigating
various surface modification techniques to enhance crystal
facet formation, exploring barrier methods to mitigate material
degradation in corrosive environments, and researching
alternative materials for improved durability and stability.

B CONCLUSIONS

This investigation highlights the potential of employing
femtosecond laser-treated glass, coupled with a deposition of
a thin gold layer, as a promising strategy to fabricate
nanostructured electrodes for glucose sensing applications.
The resultant microchip-compatible platform exhibits signifi-
cant improvements in sensitivity compared with conventional
flat gold film electrodes. Specifically, it demonstrates S-fold and
10-fold greater sensitivities in the 0.25 mM—4 mM and 5
mM—10 mM ranges, respectively. This enhanced performance
is attributed to a substantial increase (approximately 8-fold) in
the electroactive area facilitated by the laser nanostructuration
of the glass surface. The samples were calibrated using cyclic
voltammetry and chronoamperometry, and a deliberate effort
was made to perform experiments with a AglAgCl reference
electrode, given its widespread use in integrated sensors. To
address the potential impact of chloride leakage on the surface
area estimation and overall glucose response, the use of a salt
bridge was considered necessary. A thorough investigation into
chloride resistance was conducted under realistic conditions,
involving cyclic activation in the —0.2 to 1.2 V range. The
findings revealed that a gradual deactivation of both Bare Au
and NS Au as Cl concentrations increased. At physiological
Cl™ levels (100 mM), both electrodes exhibited noticeable
etching with a more pronounced effect on NS Au. Despite
both samples being polycrystalline, the exposed planes of the
film are suggested to account for the observed differences, with
the more stable (111) crystal facet affording the greatest
resistance to dissolution. Various methods, including anodiza-
tion, could be explored to selectively enhance one plane over
the other. In summary, this research lays a robust foundation
for the development of integrated nonenzymatic glucose
sensors, with potential applications in broader fields such as
electrocatalysis and sensing, where high-surface-area electrodes
are advantageous. Future endeavors will evaluate the sensing
performance at different pH and on mitigating chloride
poisoning through a variety of methods, such as employing
membranes, narrowing the potential activation window, or
combining with other materials for improved stability.
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