Open Access Article. Published on 08 juli 2025. Downloaded on 09.11.2025 06.16.49.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2025,
12, 8194

conductorst

Received 30th March 2025,

Accepted 7th July 2025 Tomas Pinheiro,

Rodrigo Martins
DOI: 10.1039/d5mh00569h

rsc.li/materials-horizons

The development of mechanically compliant, functional materials
toward skin-integrated electronic systems has been a rapidly evol-
ving field, aiming at flexible and even stretchable architectures that
can be mounted into curved skin surfaces and adapt to their
changing topography and biomechanics. One of the components
required for functional bioelectronic systems is bioelectrodes that
can robustly interact with the skin to perform sensing or stimulation
tasks. In this work, paper-based laser-induced graphene is studied
as a compatible material for skin-integrated systems for ionto-
phoretic sweat stimulation and sweat metabolite sensing. Based
on a water-induced peel-off strategy, robust transferred LIG soft
conductors using polyurethane film substrates were fabricated and
characterized, showing a compatible electrical conductivity of
29.3 S cm~2 and a high graphitization yield, confirmed by scanning
transmission electron microscopy and Raman spectroscopy. Based
on these results, paper-based, transferred LIG/PU bioelectrode
architectures were used to develop iontophoresis stimulation sys-
tems for the delivery of cholinergic agents and sweat secretion
activation. The delivery of carbachol as a model cholinergic agent
was studied, demonstrating the capability of stimulating up to 60 pL
of sweat with a 10-minute stimulation period, over a period of
1 hour. The iontophoresis system was also integrated with a flexible
LIG-based enzymatic glucose sensor, showing a high sensitivity of
29.73 pA mM~t cm~2 and a limit of detection of 5.45 uM, capable of
distinguishing glucose levels at fasted and post-prandial states,
using more sustainable materials and resource-efficient fabrication,
towards non-invasive sweat metabolite quantification.
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Integrated iontophoresis and sweat sensing via
paper-derived laser-induced graphene soft

Daniela Nunes,

New concepts

We present a novel route to skin-integrated electronic systems using
paper-based laser-induced graphene (LIG) for iontophoretic sweat stimu-
lation and metabolite sensing. Through a water-induced peel-off strategy,
we fabricated robust LIG soft conductors on polyurethane, achieving
excellent electrical conductivity and high graphitization yield. Our
approach includes developing paper-based LIG/PU bioelectrode architec-
tures for iontophoresis, enabling the delivery of cholinergic agents like
carbachol to stimulate sweat secretion. Additionally, we integrated this
with a flexible LIG-based enzymatic glucose sensor, demonstrating high
sensitivity. This integrated sensing system effectively distinguishes glu-
cose levels in fasted and post-prandial states, using conscious materials
and efficient fabrication methods, enabling more sustainable fabrication
and future deployment of non-invasive sweat metabolite sensing systems
in different areas of the world.

1. Introduction

Bioelectronics has emerged as a robust technology, anchored
on ongoing research on materials that combine several key
features, such as mechanical flexibility with robust compliance,
stretchability, biocompatibility, adhesion to tissue surfaces and
breathability."”> To achieve this, several material classes have
been studied to develop soft conductors that can simulta-
neously participate in charge conduction and robustly adhere
and adapt to biological tissue surfaces.’ These include metal
conductors, in the form of thin films, fillers or liquid metals,*™®
conducting polymers,” hydrogels® and carbon nanomaterials.’
Beyond materials, considerate shapes and form-factors also aid
in achieving conformability, including substrates with nature-
inspired adhesive surfaces'® or conductive serpentine or kir-
igami conductive material architectures.’> Material innovations
paired with their integration in functional systems have
allowed bioelectronics to meet several requirements for biome-
dical device development.

For diagnostics, wearable bioelectronic devices have enabled the
collection of useful physiological information that can be
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integrated within a diagnostic criterion for several complications.
For biochemical-based diagnostics, the staple consumer wear-
able bioelectronics product has been continuous glucose moni-
tors (CGMs), used in the management of diabetes mellitus.
These are based on minimally invasive, hypodermic needle-
based systems that measure glucose levels in circulating inter-
stitial fluid. Using electrochemical transduction, needles are
modified to serve as bioelectrodes for signal generation, based
on enzymatic reactions.'’ Recently, alternative devices have
been researched to decrease the invasiveness of CGMs. These
include microneedle-based devices, which operate on similar
principles to current CGMs,"> or patch-like electronic skin
(e-skin) devices that can access sweat as a biological fluid
matrix, where glucose can be sampled and measured through
electrochemical transduction.’® Most notably, enzymatic glu-
cose sensors have demonstrated their capability for detection of
glucose in different physiologically relevant orders of
magnitude, from the millimolar levels characteristic of blood
(2-40 mM) and interstitial fluid (2-22 mM) to the micromolar
level characteristic of sweat (10 puM-1.11 mM), by careful
selection of biosensing schemes and highly sensitive media-
tors, showing an increasing acceptance for wearable biochem-
ical sensor development.'* Furthermore, such types of devices
have been increasingly investigated for the measurement of
different analytes in sweat for several diagnostic and prognostic
purposes, such as for cystic fibrosis,"> kidney function,'®
gout,"” inflammation'® or human stress response,"® strength-
ening the knowledge and interest in the potential use of sweat
as a valuable diagnostic source.

Regarding the fabrication of skin-interfaced bioelectronics,
direct laser writing (DLW) has increasingly been selected as a
route to synthesize and pattern low-thickness, conductive,
flexible geometries from several material precursors, aiming
at different functions, from electrophysiology applications to
on-skin biochemical detection.*® An example is the patterning
of molybdenum dioxide (M0O,) from a metal salt precursor, to
develop bioelectrodes for different applications, including on-
body temperature sensing, ECG signal acquisition, UV photo-
detectors and biochemical sweat sensors for glucose, uric acid
and caffeine detection. For the glucose sensor, a sensitivity of
15.7 nA uM ™' was achieved. Another example is the use of laser
carbonization to pattern conductive carbon materials as bioe-
lectrodes. In the work by Sharifuzzaman et al.,>’ a MXene/
fluoropolymer substrate was used as a precursor to write
bioelectrodes for sweat glucose sensing and ECG acquisi-
tion. The enzymatic sweat sensor presented a sensitivity of
77.2 pA mM ! ecm ™2, a linear range between 10 uM and 2 mM
and a limit of detection of 10 pM. Based on laser-induced
graphene (LIG), several examples of highly efficient sweat
glucose biosensors have been reported, based on differ-
ent precursors, including PI1,>>"*® PES*® and lignin.*® Regarding
the biodetection mechanisms, most sensors rely on ultrasensi-
tive elements that can very efficiently oxidize or reduce hydro-
gen peroxide (H,0,) and generate amperometric signals in the
presence of low glucose concentrations, mostly relying
on platinum nanoparticles (PtNPs) for this purpose.®*2*?2®
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Alternative mechanisms include highly sensitive mediators,
such as Prussian Blue* and nonenzymatic methods, using
transition metal nanostructures, such as copper or nickel.?®
Most of these reports have been employed in in vivo
scenarios®>™>* or tested with collected sweat samples,>”*%3°
demonstrating their capability for integration in bioelectronic
systems for sweat metabolite sensing. While most of these
sweat glucose biosensors have been tested in vivo by
sweat induction through physical exercise, the fabrication of
LIG-based iontophoresis systems for sweat induction has been
recently demonstrated. This allows for a single step fabrication
of all the required bioelectrodes for sweat induction and
sensing in a single PI chip substrate, for controlled sweat
induction and prolonged sweat sensing towards high-
frequency sampling and continuous analysis.'®*! However, in
the pool of precursor materials, petroleum-based polymers,
mainly PI, have been the main research focus, while naturally
available, more abundant materials lack behind in technologi-
cal implementation stages. In this work, paper-derived LIG is
used for the fabrication of skin-interfaced bioelectrodes,
towards flexible, wearable biosensing. Based on laser proces-
sing approaches, complex bioelectrode geometries and their
assembly with seamless integration strategies are demon-
strated to develop robust e-skin patches for biochemical sweat
analysis, towards biomedical diagnostic devices. Paper-based
LIG electrodes were tested as an anode and a cathode within
an iontophoresis system for the stimulation of sweat, using
the delivery of the slowly metabolized cholinergic agent car-
bachol.** The principles for sweat secretion stimulation using
these electrodes were studied with respect to the stimulation
current, resulting carbachol delivery, sweat rate and secret-
ed volume. As a proof-of-concept, sweat glucose detection was
attempted, by development and integration of a high-sensitivity
enzymatic glucose sensor, constructed over flexible LIG-based
electrochemical cells. A first in vivo test of the integrated device
was performed with one subject, by measuring the current
response of the sensor when exposed to stimulated sweat at a
fasted state and after a meal.

2. Results and discussion

2.1. Fabrication and characterization of LIG soft conductor
electrodes

LIG generation using more sustainable and abundant precur-
sor materials is increasingly gaining preponderance in func-
tional device development, including in wearable electro-
chemical sensing. Exploiting previous findings, chromatogra-
phy paper substrates (Whatman grade 1, 180 pum thickness,
11 pm pore size, and 48% porosity) treated with sodium
tetraborate and coloured paraffin wax are used in this work
as a highly efficient graphitizable substrate, capable of produ-
cing highly conductive LIG films comparable to synthetic
aromatic polymers. This can be done by tailoring substrate
composition and laser conversion parameters, as previously
demonstrated in dedicated laser processing-LIG property
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Fig. 1 Fabrication and characterization of LIG and LIG@PU soft conductor films. (a) Scheme of LIG synthesis and patterning, water-induced peel-off
transfer and resulting LIG@PU soft conductor geometries. (b) SEM micrograph of the P-LIG surface, (c) cross-section and (d) LIG@PU surface. (e) and (f)
BF-TEM images of LIG flakes after sonication. (g) and (h) Atomic-resolution BF-STEM images of the crystalline graphitic layers. The arrows in (g) point to
the atomic structural features usually observed in LIG flakes, and the line profile in (h) was acquired from the carbon atoms indicated. (i) Sheet resistance

and (j) Raman spectroscopy analysis of P-LIG and LIG@PU.

correlation studies.®® In this work, a double lasing protocol
using 6 W laser power and an engraving speed of 152.4 mm s~ *
were employed, using a commercial CO, laser engraver (full
experimental details are provided in the ESIT). With these laser
synthesis parameters, improvements are achieved regarding
the graphitization yield and electrical resistivity. With the
resulting paper-based LIG, dedicated transfer protocols further
increase its use cases in functional wearable applications. The

8196 | Mater. Horiz., 2025, 12, 8194-8204

fabrication process of LIG@PU soft conductors (Fig. 1a) is
based on a water-induced peel-off method, in which laser-
synthesized LIG functional geometries can be efficiently sepa-
rated from the precursor substrate, by differential interaction of
water with converted and unconverted phases. The cellulose
precursor interacts and absorbs water, through hydrogen bond-
ing, increasing its volume and promoting the detachment of
converted LIG. When interfaced with an adhesive PU substrate,
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anchoring of LIG geometries is possible, with water avoiding
the bonding of the paper substrate and enabling its peel-off.
This method can be used to fabricate distinct soft conductor
electrode shapes and organizations, defined in the laser fabri-
cation design process, tailored to specific functions. Further-
more, its encapsulation leads to mechanically stable and
compliant soft conductive films, which can withstand the
significant mechanical deformation characteristic of on-body
operation, with a strain of up to 10%.** Full experimental
details of the synthesis, transfer and characterization of LIG
materials are presented in the ESLf{ The first stage when
surveying the capabilities of paper-based LIG (P-LIG) and its
transferred soft conductor format (LIG@PU) for flexible, con-
formable bioelectrode development and iontophoresis device
fabrication was to study different key properties, including
surface morphology, chemistry and electrical conductivity,
needed for efficient implementation within iontophoretic sti-
mulation. SEM analysis of LIG surfaces was performed, to
compare the morphology before and after transfer. For P-LIG
(Fig. 1Db), the fibrous structure of the precursor cellulosic
substrate is retained after laser processing. As expected, laser-
induced porosity is visible in the resulting LIG surface, mostly
over more elevated cellulose fibers. Cross-section analysis of
P-LIG was performed (Fig. 1c) to determine the thickness of the
graphitized portion and the subsequent LIG@PU layer after
transfer. As can be seen, the top portion of the paper substrate
is graphitized, showing an increase in fiber porosity within the
laser graphitized depth, without damaging the fibrous cellulose
structures. Furthermore, incorporated wax is decomposed after
irradiation, as visible by the empty inter-fiber volume. The
thickness varies slightly over the extension of the P-LIG film,
depending on cellulose fiber organization, at around 80 pum.
For LIG@PU (Fig. 1d), SEM imaging shows less porous fiber
structures, arising from the inversion of the material surface
after transfer. Although the LIG surfaces before and after
transfer are not directly interfaced with the skin when
employed in the iontophoresis and electrochemical sensing
systems, the smoother surface is more stable when interfacing
and transmitting the current stimulus employed for ionto-
phoretic stimulation. Additional STEM analysis was performed
to analyze the atomic organization of the LIG’s graphitic
structure. In Fig. 1e, a fluffy morphology of LIG flakes can be
observed, while Fig. 1f evidences their polycrystalline nature,
characterized by ring-like and disordered structures, which are
typical of graphitic nanomaterials. The rippled and turbostratic
nature of the layered graphene structure is attributed to the
thermal expansion caused by the laser irradiation.>® Previous
studies have reported that the flakes have a partially amorphous/
partially hexagon lattice structure with heptagon-pentagons
pairs.***> A similar amorphous-like structure with fine structural
features was also observed (Fig. 1g). Moreover, within the ring-like
structures, an average lattice space of ~3.4A was measured
(Fig. 1h), which corresponds to the (002) planes of graphitic
materials (the line profile of the C atoms in the inset).>*°
Regarding the electrical conductivity, sheet resistance mea-
surements show single-digit values for both P-LIG and
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transferred LIG@PU (Fig. 1i). Previous laser processing-LIG
property correlation studies have been conducted to reach
low sheet resistance LIG films derived from paper, by tailoring
the substrate composition and laser synthesis parameters.*?
For this study, improved synthesis parameters previously
described provide not only for low sheet resistance, but
improved the yield after transfer. P-LIG films prior to transfer
showed a lower resistivity, at 4.3 + 0.4 Q sq ' (n = 7).
After transfer, LIG@PU shows a median sheet resistance of
5.0 + 0.6 Q sq " (n = 7), showing that there is a negligible effect
of the transfer mechanisms towards the overall surface resis-
tivity and 100% yield, with no transferred films portraying
loss of function. Taking the cross-section length of LIG
films from Fig. 1c, conductivities of 29.3 + 3.5 S cm™ ' and
25.5 + 2.6 S cm™ ! for P-LIG and LIG@PU were obtained,
respectively. These values do not consider the porosity of
cellulosic fibre structures and imposed by the laser, meaning
that the intrinsic conductivity of the LIG is significantly higher
than this apparent conductivity. Although their electrical con-
ductivities, are similar, surface Raman spectroscopy analysis
shows marked differences between P-LIG and LIG@PU (Fig. 1j).
P-LIG shows distinctive D, G and 2D peaks, characteristic of
graphene and graphitic materials, with a Ip/Is peak intensity
ratio of 0.25, demonstrating low defect density. Considering
that the bulk of the aromatic content present in the precursor
paper substrate is introduced by the wax treatment,*” this is an
exceptionally low value, portraying the efficacy of the modifica-
tion strategy and the two-step, defocused beam irradiation
protocol, leading to high efficiency graphitization. Taking the
In/I; ratio, the crystallite size in the a axis (La) was calculated
for P-LIG, showing a very appealing values of 76.9 nm, compar-
able to the literature with aromatic polymer precursors.’” For
transferred LIG@PU, the inversion of the P-LIG film occurs,
exposing a more amorphous carbonized material where G and
D peaks show a broader width and the 2D peak is absent. This
represents the decrease in graphitization efficiency with depth,
resulting in a shift towards material carbonization at the
farthest region affected by the photothermal conversion pro-
cess. The absence of the 2D peak and broad D and G peaks
shows that sp” clustering is still present, but the bulk of the
surface is amorphous, although without detriments to the LIG
soft conductor resistivity. With these properties, LIG@PU
shows comparable electrical conductivity to LIG derived from
other high-efficiency precursors, including aromatic polymers,
compatible for the current application to the skin for ionto-
phoretic delivery at different skin resistive loads, without the
need for applying elevated electrical potentials (<10 V).

2.2. LIG-based iontophoresis devices for sweat stimulation

An important function that a bioelectrode can perform is the
electrical stimulation of biological tissues. It can have impor-
tant biomedical applications, including the movement of
charged and neutral molecules trough tissue barriers, by the
action of electrical fields, for drug delivery applications. Trans-
ferred, LIG@PU electrodes were tested for this purpose, serving
as iontophoresis electrodes for the delivery of the cholinergic

Mater. Horiz., 2025,12, 8194-8204 | 8197
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Fig. 2 LIG@PU-based iontophoresis patch for sweat stimulation. (a) Scheme of device components and assembly, placement in the skin. (b) Working
principle of iontophoretic cholinergic agonist delivery for sweat stimulation. (c) Representative iontophoresis protocol, by the application of 100 pA and
resulting potential and charge profile. (d) Electrode-skin impedance before and after the iontophoresis protocol. (e) lontophoresis module for the sweat
rate and volume estimation. (f) Sweat rate for the iontophoresis protocol with different stimulation currents and (g) total collected sweat volume.

agonist carbachol, targeting drug induced sweat secretion for
metabolite biosensing purposes. A schematic representation of
the LIG-based iontophoresis electrodes, integrated with an
epifluidic module for sweat transportation and sweat electro-
chemical sensors for glucose quantification is portrayed in
Fig. 2a. Two rectangular shaped electrodes with curved edges
and an area of 0.6 cm” were patterned and transferred onto the
PU substrate, followed by modular assembly of epifluidic and
sensing components, depending on the experiments performed
with the device. Overall, device components additionally com-
prise the three electrode electrochemical sensing module, with
modified WE for glucose sensing, an encapsulating layer with
hydrophilic properties and opening for iontophoresis and
electrochemical sensing electrodes, a microfluidic channel
layer and a final encapsulation layer that seals the microfluidic
channel and allows for adherence of the device to the skin, as
shown in the picture (device without the electrochemical sen-
sing module, for visualization of the microfluidic channel). For
connection with the current source providing the electrical
stimulus for iontophoresis, a silver track connector fabricated

8198 | Mater. Horiz., 2025, 12, 8194-8204

on polyimide was also integrated with the device, for connec-
tion with a flexible flat cable connector.

The LIG-based iontophoresis module was individually
tested, without electrochemical sensor integration, to evaluate
its operation mode, carbachol delivery capabilities, sweat secre-
tion outcomes and establish a stimulation protocol to be
employed for in vivo experiments. In this regard, several para-
meters are of importance, regarding the current profile used for
stimulation, the charge delivered to the skin, the drug delivery
dose, effects on the skin, and outcomes related to resulting
sweat secretion rates over time and overall sweat secretion
volumes, conducive for efficient sweat sampling and measure-
ment. A schematic representation of the iontophoresis process
(Fig. 2b) depicts the steps involved in the sweat secretion
stimulation, starting with the flow of current from the anode
through the hydrogel and the skin, towards the cathode. The
anode hydrogel contains a 0.5% (w/v) concentration of carba-
chol, which due to its positive charge, moves along the current
path and onto the skin, until reaching eccrine sweat glands. At
this stage, the binding of carbachol with acetylcholine

This journal is © The Royal Society of Chemistry 2025
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receptors promotes the secretion of sweat to the skin surface,
where it can be collected.

For the stimulation protocol, DC current profiles were
employed to assess the influence on generated sweat. Fig. 2c
shows the voltage profile associated with an application of
100 pA current for 5 minutes, along with the charge delivered
during this iontophoresis period. While the applied current is
constant, the potential changes and stabilizes over time, asso-
ciated with the resistive load of different layers and their
interface, either from the hydrogel or the skin tissue layers.
Furthermore, sudden peaks are visible, associated with motion
artifacts caused by friction between the hydrogel and the skin.
This implies that for a consistent current application over the
stimulated skin area, tight adherence is required, so that
charge does not flow through reduced areas, increasing current
density and possible skin discomfort and lesion. For the
charge, the constant applied current implies a linear increase
in the delivered charge, accumulating for the stimulation
period. Fig. 2d shows the effects of iontophoretic stimulation
on skin-electrode impedance, demonstrating a significant
decrease in impedance, associated with the secretion of
sweat and higher hydration of skin tissues under the anode,
along with the accumulation of charged molecules over the
stimulated area.

A sweat collection protocol for sweat rate and secreted
volume analysis was performed with devices comprising only
the iontophoresis electrodes and an opening for sweat collec-
tion (Fig. 2e). With this opening, iontophoresis stimulation was
followed by the placement of an absorbent paper pad in-
between the electrodes, absorbing and collecting secreted
sweat. To determine the effect of iontophoretic current, differ-
ent currents were employed for a 10-minute stimulation period,
using five devices, and secreted sweat volume was analyzed, to
determine the sweat rate one hour after stimulation. The
experimental iontophoretic currents, resulting charge and esti-
mated carbachol dose are presented in Table 1.

Depending on the applied current, different current and
charge densities are delivered to the area underneath the
electrode. Regarding the current density, this is an important
consideration regarding possible adverse effects to the skin,
such as irritation and burns. Regarding the charge, it is directly
related to the delivery and movement of charged molecules and
can be used to estimate the amount of drug being delivered to
the skin. Using the Faraday constant (F = 96485 C mol '), the
amount of electricity carried by one mole of electrons is
represented, and considering the monovalent nature of carba-
chol, the theoretical carbachol weight being transported to the
skin can be computed. According to previous reports of ionto-
phoretic delivery, the presence of competing, small ionic spe-
cies and other factors reduces the efficiency of delivery to
around 30% of this theoretical value,>* while other factors,
such as cholinergic hydrogel concentration, also influence the
delivery and sweat gland stimulation.’® According to these
considerations, estimated carbachol delivery of 35, 85 and
150 pg shows similar values to previous studies employing this
cholinergic agent.*"*>
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Table 1 lontophoretic current application protocols for sweat rate
estimation

Current  Current density =~ Charge density ~ Estimated carbachol
(ma) (mA cm™?) (mC cm?) delivery (ng)

0.1 0.17 100 ~35

0.25 0.42 250 ~85

0.45 0.75 450 ~150

The resulting sweat rate profiles for the tested iontophoretic
current doses are presented in Fig. 2f, showing the calculated
sweat rate after the 10-minute stimulation period, 20 minutes
and 1 hour after stimulation. As expected, the increase in
current and associated higher carbachol delivery leads to an
increase in sweat rate, consistent over time. For 100 pA current,
tested in one device, a sweat rate of 0.8 pL min " was recorded
after stimulation, dropping to 0.2 pL min~" after 1 hour. For
the 250 pA current, tested in two devices, sweat rates above
1 pL min~' are observed after stimulation, also maintaining
higher rates after 1 hour, at 0.5 and 0.7 uL min~'. For the
highest applied current of 450 pA, sweat rates approximating
2 uL min~" are achieved, maintaining levels above 1 pL min~"
for the entire testing period. In terms of the total extracted
sweat volume (Fig. 2g), a value of 31 uL was stimulated with a
current of 100 pA, increasing to values around 40 and 65 pL for
250 and 450 pA. Although the sweat rates achieved with this
paper-based LIG iontophoresis device being below other
reports for carbachol delivery, that have reached values above
3 uL min~'*! the resulting sweat volumes are sufficient for
efficient sweat sampling, using the microfluidic design pre-
sented in Fig. 2a, which has a volume capacity of 15 pL. Thus,
these results show efficient sweat secretion stimulation for all
the current values, with the capacity for manipulating the
resulting sweat rates and volumes generated by the device.
From these three conditions, a stimulation current of 250 pA
was selected for proof-of-concept integration with epifluidics
and glucose electrochemical sensing module. A stimulation
current of 100 pA provided lower sweat volumes, that can vary
between individuals, and not be sufficient to perform sweat
sensing trials, while 450 pA is slightly above the 0.5 mA cm >
current densities recommended for stimulation.

A comparison with different wearable devices for ionto-
phoretic delivery of cholinergic agents is systematized in Table
S1 (ESIY), containing important variables in the use of these
devices, namely electrode materials, delivered cholinergic
agents, iontophoresis current profiles and stimulation time. It
also includes the resulting metrics of sweat stimulation for
each report, either the generated sweat volume or the sweat
secretion rate, exhibiting comparable performance of this LIG
soft conductor-based iontophoresis system. With the approach
presented in this work, the use of common metal-based elec-
trodes (e.g. gold">*° or Ag/AgCl***?) is avoided, while being a
more accessible alternative to other approaches using carbon-
based electrodes within the iontophoretic delivery system, such
as carbon-coated polyimide*® and polyimide-derived LIG.*'
Furthermore, the delivery system fabricated via paper-based
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LIG soft conductors can be operated under analogous experi-
mental conditions, regarding stimulation currents and time,
providing comparable sweat stimulation metrics, more specifi-
cally in terms of generated sweat rates, important for efficient
sweat sampling, and total sweat volumes, compatible for inte-
gration with microfluidics for sweat sampling and electroana-
lysis with sweat electrochemical sensors. In addition, further
exploration and fine-tuning of the delivery system, regarding
the cholinergic agonist concentration or stimulation current
profiles, can further enhance these metrics, to approximate
the highest recorded sweat generation capabilities, around
3 uL min ! of sweat rate.*

2.3. Electrochemical sweat sensor characterization and

integration for on-skin glucose monitoring

A highly sensitive electrochemical biosensor using enzymatic
detection mechanisms was fabricated over LIG@PU flexible
electrochemical cells for sweat glucose quantification. These
three electrode planar cells have been previously characterized
in terms of their charge transfer capabilities, showing high
electrochemical surface area and fast electron transfer rate
kinetics, while being tolerant for operation under different
bending conditions and retaining their characteristics after
multiple bending cycles, compatible for operation in curved
skin surfaces.?* A schematic representation of the construction
of glucose sensors is presented in Fig. 3a, where the WE was
functionalized using PtNP electrodeposition to introduce this

View Article Online
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catalytic material that promotes H,0O, oxidation and an asso-
ciated amperometric signal. After electrodeposition, GOx was
covalently bound to the carbon electrode surface through
EDC/NHS coupling, serving as the biological recognition ele-
ment for glucose detection. With this sensor functionalization
protocol, a biodetection scheme based on glucose oxidation by
GOx and its flavin adenine dinucleotide (FAD) structure initi-
ates the reaction, leading to the consumption of O, to produce
H,0,. H,0, can then be oxidized by the surface bound PtNPs
under a constant potential bias, being transformed back into
0O, and H,0 and releasing two electrons that generate the
amperometric signal related to glucose levels in circulation
over the WE surface. Before integration with the iontophoresis
device, the sensor was tested, to determine suitable operation
potentials, with a potential of 0.5 V being selected for the
chronoamperometry experiments, due to lower noise levels
and higher sensitivity when compared to lower potentials
(Fig. S1a, ESIT). Sensor calibration was performed, using this
potential and a standard PBS testing solution with a concen-
tration of 100 mM. A stepwise addition protocol was followed,
by spiking different volumes of this solution into the sensor
environment, resulting in the increasing glucose concentration
interacting with the modified working electrode. As can be seen
from the sensor response curve in PBS (Fig. 3b), current steps
associated with low glucose concentrations down to 5 pM are
distinguishable from the background current, exhibiting its
good sensitivity. Furthermore, a consistent current increase is
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achieved for each glucose concentration being added to the
sensor, showing its great stability over continuous operation.
To calibrate the sensors (Fig. 3c), current values taken after
stabilization for each glucose addition step were plotted vs. the
corresponding glucose concentration, for a batch of three
sensors (n = 3). A resulting linear range between 5 uM and
1.17 mM was reached, with a sensitivity of 2.86 + 0.2 pA mM "
(29.77 £ 1.8 pA mM ' cm ). With this sensitivity value,
the LOD (3.30/S) was computed for each of the three indivi-
dual sensors, resulting in values of 4.62, 5.98 and 5.76 UM
(5.45 £ 0.6 pM). Due to the relatively high bias operation
potential, interferent analysis was performed, by scoping the
sensor response in a commercial eccrine sweat matrix, contain-
ing the most common metabolites (urea, uric acid, lactic acid
and ammonia), electrolytes and amino acid in physiological
concentrations. The results indicate no significant shift in the
current response arising from their presence, both in the
stepwise glucose addition, resulting in similar upward current
shifts, and in the signal current difference for the same glucose
concentrations (10 and 50 uM) when in a PBS and in spiked
artificial sweat matrix (Fig. S1b and c, ESIt). Furthermore,
the sensor calibration curve using this matrix results in a
similar sensitivity value when compared with standard
glucose solution in PBS buffer (2.86 pA mM ' in PBS vs.
2.79 pA mM ! in artificial sweat).

With these analytical parameters, the sensors show a com-
patible performance to detect and quantify physiological levels
of glucose in sweat. Thus, sensor integration was performed, by
assembling a sensor with the iontophoresis device and the
epifluidic module, for delivery of stimulated sweat onto the
surface of the sensing electrodes. A proof-of-concept in vivo
measure was performed, with the integrated skin-worn device
mounted laterally in the upper arm (Fig. 3d). First an ionto-
phoresis sweat stimulation step (250 pA, 10 minutes) was
performed, and an amperometric measure of sensor response
was taken 5 minutes after the end of the stimulation period, to
ensure filling of the microfluidic network. The resulting
amperometric signal corresponds to a fasted state. Current
values in the lower portion of the detection range were mea-
sured, at 830 nA, with a corresponding concentration of 37 uM,
according to sensor calibration. After a high calory meal, a
second sweat stimulation was performed, 30 minutes after the
ingestion, and after a total period of 40 minutes (considering
the 10 minutes iontophoresis stimulation), a second ampero-
metric measurement was taken. The reason for this timing is
related to the glucose metabolism and the time needed for
glucose to reach the blood stream, as well as the lag time
between the transference of glucose between blood and other
circulating fluids, which in the case of sweat, has been esti-
mated to be 10-20 minutes.***> The resulting current shows a
marked increase, to levels around 1.4 pA, corresponding to a
glucose level of 234 uM. A second device was assembled with a
sensor taken from a new fabrication batch, showing similar
results (Fig. S2, ESIt), although the baseline current taken at a
fasted state situating below the levels established in the cali-
bration curve. However, once again, the increased current after

This journal is © The Royal Society of Chemistry 2025
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a meal was recorded, showing that the sensor points to the
trend of increasing glucose levels.

3. Conclusions

This work demonstrates the ability to rationally modify paper
substrates and employ DLW for high efficiency patterning of
low-defect density, high electrical conductivity LIG, compatible
for patterning of conformable bioelectrodes for iontophoretic
stimulation and electrochemical sensors for sweat biosensing.
The transfer of paper-derived LIG through the water-induced
peel-off method generates flexible soft conductors on PU sub-
strates, retaining the original conductive characteristics of LIG
and enables the modular assembly of iontophoresis electrodes,
epifluidics and high-sensitivity sweat glucose biosensors. Ion-
tophoretic delivery of carbachol generated compatible volumes
of sweat for up to 1 hour with a single stimulation period,
resulting in volumes ranging from 30 to 60 pL, depending on
the stimulation current delivered to the skin. The integration of
the sweat glucose biosensor demonstrates the capability of
quantifying glycemia in sweat by distinguishing fasted and
post-prandial states. Due to the ease of form-factor change
provided by laser processing fabrication, recent trends in
iontophoresis devices for sweat analyte sensing can be fol-
lowed, including device miniaturization, control of delivery
currents for higher-frequency sampling and quantification
and rational design of epifluidic modules for efficient sweat
collection and transportation. More sustainable devices for
automatic sweat stimulation and collection can be envisioned,
along with reconfiguration of biosensing schemes for other
sweat analytes, self-calibration features for adjustment related
to pH or temperature and translational efforts to strengthen the
data retrieved using LIG-based wearable biochemical sensing
systems.
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