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Flexible wearable biosensors have emerged as a promising tool for tracking
dynamic glycemic profiles of human body in diabetes management. However,
it remains a challenge to balance the shrunken device space and multiple
redundant sensing arrays for further advancement in miniaturization of
multimodal sensors. Herein, this work proposes an entirely new
optoelectronic hybrid multimodal optical fiber sensor which is composed of
laser patterning of polydimethylsiloxane (PDMS) to form laser-induced
graphene (LIG) as the interdigital electrodes, and a long period grating (LPG)
prepared from an optical microfiber encapsulated into the PDMS modulated
by periodical structure of LIG electrodes. This operation can simultaneously
integrate two heterogeneous sensing mechanisms, optical and electrical, into
a single sensor in a compact manner. Combining the LIG electrode with
conductive hydrogel, a flexible glucose biosensor based on electrical
mechanism is constructed by loading glucose oxidase into the hydrogel.
Meanwhile, the microfiber LPG can also be served as a spectroscopically
available sensor for biomechanical monitoring. Optical and electrical sensors
can work simultaneously but independently of each other, particularly in the
scene of wound healing for rat model and movement for human exercise. This
platform represents a pivotal step toward multifunctional sensors that enable

measurements of biomechanical information and glucose.

1. Introduction

Hyperglycemia forms a threatening risk factor for mortality and
disability worldwide.!") With the rising trend of diabetic popula-
tion worldwide, exploring and interpreting the complex nature

of human wellness to prognosticate glucose
metabolism disorder and diagnose the di-
abetes have become an urgent task in the
concern of human health.>?**] The abnor-
mal glucose concentration induced by in-
sulin imbalance haunts the patients since
diabetes will cause a series of complica-
tions such as foot infection which may
beget amputation in severe cases, and jeop-
ardize patients’ eyes, kidneys, blood vessels,
heart and other organs. Conventional glu-
cose measurements mainly rely on the in-
vasive and intermittent acupuncture blood
testing, which exists a latency between test-
ing and evaluation and forms a trepidation
to the patients. Such measurements have
difficulties in providing rapid monitoring
of dynamic glycemic levels in case of sud-
den changes in the physiological condition.

The emergence of wearable biosen-
sors exhibited astounding potential in
the realms of continuous non-invasive
diabetes management, where alternative
body fluids such as interstitial fluid, sweat,
saliva and tears were exploited for glucose
monitoring.>!  Specifically, by on-site
sample analysis of human sweat, pulse,
movement behavior, and other biochemical or physical changes,
wearable biosensors can endow efficient and advanced manners
for unobtrusive monitoring of chronic diseases and are ben-
eficial for pathophysiological abnormalities assessment during
daily activities of wearers.['13] Over the past decades, wearable
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biosensor platforms have been developed and their functional-
ity has shifted to measure multiple biochemical and physical
health parameters since one single parameter analysis might
lead to misdiagnosis. An integrated sensing array with an
enzyme-based current sensor and a potential sensor was pro-
posed to simultaneously detect sweat metabolites, electrolytes
and skin temperature.'* This pioneering work offered a promis-
ing paradigm for the subsequent research on multiplexed plat-
forms for numerous diabetes biomarkers detection.># How-
ever, most current studies for biomarkers detection are either
based on redundant sensing arrays, which are not conducive
to sensor integration and miniaturization, or based on single
component multimodal sensor, which often requires complex al-
gorithms for decoupling due to signal correlation under a sin-
gle mechanism to ensure reliable data output for each detection
quantity.[’] On the other hand, simultaneously capturing vital
biomechanical or physical parameters such as heart rate, blood
pressure, and monitoring wound healing status in daily activity,
can provide a comprehensive assessment of a human health sta-
tus and aid healthcare professionals in critical decision-making.
These have triggered the development of hybrid multimodal
biosensors with different self-decoupled mechanisms, which can
optimize the multifunctional capability of simultaneous percep-
tion on both biochemical and physical parameters and effectively
reduce the signal interference.!?-22] For example, a hybrid multi-
modal wearable array was proposed by integrating an ultrasonic
transducer and an electrochemical sensor into a unitary patch
thanks to the advancement in fabrication and miniaturization
of the bio-electronic components, which can coinstantaneously
measure glucose, caffeine, alcohol, blood pressure and heart rate,
with reduced crosstalk between two sensing modalities.?}] This
methodology is versatile and these results also provide a new in-
sight for multivariate bio-signal measurements. Nevertheless, ac-
commodating multiple sensing modalities into a single wearable
platform also faces challenges in sensors integration and compat-
ibility between different manufacturing technologies. Especially,
in the aspect of identifying multifarious output data by consider-
ing complex fusion and cross-modality precision, which would
form higher complexity for the miniaturization of electronics.
Balancing the relationship between shrunken device space and
multiple redundant sensing arrays requires efficient device de-
signs and strategies, and advanced fabrication techniques for
next-generation multimodal biosensors. Therefore, novel meth-
ods that can construct highly integrated heterogeneous biosens-
ing devices for accurate biochemical and physical monitoring,
crucially need to be developed.

Constructing multidimensional structures on flexible sub-
strates has provided an advanced technique for wearable sen-
sors or devices.[?*3 In this study, we demonstrated an entirely
new and biocompatible optoelectronic hybrid multimodal sen-
sor that is composed of laser patterning of polydimethylsiloxane
(PDMS) to form laser-induced graphene (LIG) as the interdigi-
tal electrodes, and a long period fiber grating prepared from an
optical microfiber encapsulated into PDMS modulated by peri-
odic refractive index of the interdigital structure, as shown in
Figure 1. To address the issues of redundant sensing design
and signal interference in current multimodal sensors, we inte-
grated two heterogeneous sensing mechanisms, optical and elec-
trical, into a single sensor device by the advanced LIG technol-
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ogy, thus ensuring that two signals operate in a separate domain
and work independently of each other. Combined with the con-
ductive hydrogel, LIG can be used as a glucose biosensor based
on electrical signal. Meanwhile, the microfiber long period grat-
ing (mLPG) triggers mode coupling with resonant wavelength,
which can be concurrently served as an spectral sensor for biome-
chanical monitoring. More importantly, we thoroughly study and
verify the independence of two sensing mechanisms upon differ-
ent stimuli, and further demonstrate the monitoring of hardness
and glucose of diabetes wound healing in rat as well as artery
pulse and sweat glucose of human exercise. This laser-induced
graphene-microfiber long period grating (LIG-mLPG) flexible op-
toelectronic hybrid multimodal sensor offers a new design con-
cept for compact and multifunctional wearable sensors that en-
able reliable measurements for various hybrid stimuli monitor-
ing and provides better understanding on glucose levels and hu-
man biomechanical parameters for optimized management of
diabetes.

2. Results and Discussion

2.1. Design and Fabrication of LIG-mLPG

The specific configuration of the LIG-mLPG and the concep-
tual diagram of the device fabrication system are illustrated in
Figure 2. To overcome the problems of permanent damage such
as deformation or even melting of the microfibers induced by
high energy consumption from lasers or arc pulses, a mLPG
was designed by a novel LIG modulation technique as an effi-
ciently wearable sensor for hybrid multimodal parameters mea-
surement. Before laser operation, a microfiber was firstly drawn
to ~8 um from standard single mode fiber (SMF) by using the
flame-brushing technique to amplify the energy distribution of
the evanescent field.[*!] Such tapered microfiber was then encap-
sulated into a PDMS substrate by specific fabrication in the Ex-
perimental Section and Figure S1, Supporting Information. Sub-
sequently, the PDMS was placed under the laser focal plane. The
PDMS absorbed the incident laser energy and converted it into
thermal heat and was then transformed into porous graphene
under photothermal action. The interdigital structure of the pat-
terned porous graphene in PDMS forms periodic modulation in
the evanescent field of microfibers, ultimately producing a long-
period grating, as shown in Figure 2a. The corresponding ax-
ial structural and cross-sectional diagrams of the fabricated LIG-
mLPG are shown in Figure 2b, giving that the generated pattern-
ing of porous graphene is also served as the mask-like modu-
lation for the mLPG, creating new optoelectronic integrated de-
vices. Meanwhile, LIG pattern periodically modulates the leaked
evanescent field of the microfiber, rather than directly contact the
microfiber, which offers a novel and efficient method for mLPG
fabrication. When the incident light transmits through the LIG-
mLPG, the HE,, mode is excited and coupled with the fundamen-
tal HE,; mode along the propagation direction. Figure 2¢,d show
the top view and side view, respectively, of the simulated am-
plitude distribution of light propagating through the grating re-
gion when the light is launched at resonant (1550 nm, left panel)
and non-resonant (1250 nm, right panel) wavelengths. It can be
observed that the optical field undergoes a strong perturbation
when the light passes through the grating region under resonant
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Figure 1. The schematic illustration of LIG-mLPG flexible optoelectronic hybrid multimodal sensor. Inset: The diagram of functionalized LIG-mLPG for
monitoring sweat glucose and physical quantities in animal and human models.

condition. Such field perturbation results from the periodic re-
fractive index modulation in the fiber grating, which is known as
the phase-matching condition.[*?] Figure 2e shows the measured
evolution spectrum of the prepared LIG-mLPG with the period
number N ranging from 1 to 8, where the depths of resonant dip
increased from 0 to 22.5 dB, indicating that the coupling strength
increases with the modulation number. Meanwhile, Figure 2f
demonstrates the recorded phase-matching relationship (grating
pitch-resonant wavelength) between the fundamental HE,; and
HE,, modes of the LIG-mLPG, manifesting that the resonant
wavelength of the mLPG can be flexibly designed through chang-
ing the grating pitch of the mLPG. Figure 2g shows the physical
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image of the fabricated LIG-mLPG, exhibiting an excellent flexi-
bility. Such characteristics of mLPG and PDMS make the device
promising for flexible sensing applications, such as measuring
the pressure and deformation.

2.2. Characterization of the LIG-mLPG
Specifically, by irradiating the PDMS, chemical bonds break due
to pyrolysis and photolysis, leading to the formation of volatile

hydrocarbons. With sufficient energy, these hydrocarbons can
rearrange and recombine to form aromatic carbon structures,
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Figure 2. a) Conceptual diagram of mLPG based on laser-induced graphene modulation; b) Top: axial structural diagram of LIG-mLPG; Bottom: cross-
sectional diagram of LIG-mLPG; c) Top view and d) side view of the simulated amplitude distribution of light propagating through the grating region
when the light is launched at resonant (phase-matching, left panel) and non-resonant (non-matching, right panel) wavelengths, respectively; e) Evolution
of transmission spectra changes with modulation period number during LIG-mLPG modulation process; f) Relationship between the pitch of grating

and resonant wavelength; g) Physical image of LIG-mLPG.

resulting in graphitic carbon.*3] Therefore, the modulation effect
of the LIG-mLPG strongly depends on the laser power and scan-
ning speed during the patterning process.>*! The width, height,
composition, and morphology of the produced graphene were
analyzed under different laser powers and scanning speeds via
scanning electron microscope (SEM), X-ray photoelectron spec-
troscopy (XPS), Raman spectroscopy, and Fourier Transform In-
frared Spectrometer (FTIR Spectrometer) studies. As the laser
power increases and the scanning speed decreases, the accu-
mulated heat will increase, expanding the size of graphene in
terms of the width and depth (Figures S3 and S4, Supporting In-
formation). It is evident from the SEMs of LIG in Figure 3a—c
that a multilayer graphite carbon structure forms after the es-
cape of gaseous products during the laser patterning process.!]
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Figure 3d displays the FTIR spectrum of PDMS before (red
line) and after (blue line) laser induction. After laser induction,
the asymmetric stretching vibration peak representing methyl
at 2962 cm™, the asymmetric deformation peak representing
methyl at 1412 cm™!, the symmetric deformation peak represent-
ing methyl at 1258 cm™, and the strong absorption peak repre-
senting Si-CH, vibration at 787 cm™ all decrease after the for-
mation of LIG. The asymmetric stretching vibration peak and
asymmetric deformation peak of Si-O-Silocated at 1064 and 1014
cm™! merge into one peak at 1018 cm™!, as well as the appear-
ance of the Si-O peak at 413 cm™!, which are related to the sil-
ica nanoparticles.[*! These results all indicate that the Si-C, Si-
O, and C-H bonds in PDMS are broken after laser irradiation.
The silicon and hydrogen atoms subsequently combine with the
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Figure 3. SEM images of a) the top view and b) cross section of the LIG; c) Enlarged SEM image of cross-section of the LIG; d) FTIR of PDMS (red) and
LIG (blue); ) Raman spectrum of LIG under different modulation powers; f) 15/l (black) and 1,5/l (blue) change with laser modulation power; XPS

of LIG at g) C Ts; h) O Ts; i) Si 2p.

oxygen atoms in the air or in PDMS to constitute silicon dioxide
and gaseous water, while the remaining carbon atoms become
the porous graphene structures through the carbonization and
graphitization processes.*’]

In order to produce high-quality graphene, we further charac-
terized the graphene films with laser power ranging from 300 to
700 mW via Raman spectroscopy, as shown in Figure 3e. The Ra-
man spectra were obtained in the range of 1000-3000 cm™. As
seen in the spectra, LIG was formed after laser-induced modifica-
tion since the D, G, and 2D Raman peaks of graphene were clearly
observed, which are located at the wavelength of 1350, 1580, and
2700 cm™!, respectively. When the laser power increased from
300 to 700 mW, there was no significant change in peak posi-
tion, however, the relative intensities of three Raman peaks of
graphene varied, indicating that the quality of produced graphene
strongly depends on the laser power. Specifically, in Figure 3f,
the ratio of I, peak to I peak (I,/I;) first decreases and then
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increases whereas the ratio of I, peak to I peak (I, /1), repre-
senting the number of graphene layers, shows an opposite trend
with the rising laser power.[®®! These results can be attributed to
the higher localized temperature of PDMS films with increasing
laser power, which is conducive to produce high-quality porous
graphene when the laser power increases from 300 to 500 mW.
However, the I,/I; becomes strong remarkably and the I,,/I;
decreases gradually when the laser power further increases to
700 mW, implying the presence of more defects in the LIG due
to the oxidation of graphene at excessive temperature.’”! We also
obtained similar results in Raman spectroscopy at different scan-
ning speeds (Figure S5, Supporting Information). Within an ap-
propriate range, the higher the scanning speed, the better the
quality of the obtained graphene.

We characterized the graphene with XPS when the laser power
and the scanning speed are 500 mW and 2mm s, respectively.
The high-resolution XPS spectra of C 1s region for graphite are
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Figure 4. a) Measured dip wavelength shift of mLPG with a stress step of 2 mN; b) Recorded transmission spectra of a single dip at different pressure
levels; c) Repeatability of LIG-mLPG wavelength shift under different pressure levels; d) Measured dip wavelength shift with the applied pressure; e) The
response time and recovery time of LIG-mLPG under 1 kPa pressure; f) The stability of LIG-mLPG within a month; Recorded transmission spectra of a
single dip under different refractive index g) before and h) after hydrophilic treatment; i) Measured dip wavelength shift with refractive index before and

after hydrophilic treatment.

shown in Figure 3g, the deconvoluted Cls peaks show three
binding energies of 284.43, 285.40 and 282.98 eV, represent-
ing C-C (sp?), C-C (sp?), and Si-C bonds, respectively.3%40l In
Figure 3h, the deconvoluted O 1s peaks show two different peaks
located at 531.83 and 532.61 eV, which are ascribed to Si-O
and SiO,, respectively.*2] In Figure 3i, the states observed at
100.50, 102.39, and 103.72 eV are related to Si-C, Si-O, and SiO,,
respectively.***3] From XPS spectra and FTIR spectrum, it was
inferred that the chemical bonds of PDMS were broken and re-
combined to form graphene.

2.3. Sensor Performance

2.3.1. Pressure Sensing Performance of the Multimodal Sensor

The biomechanical sensing ability of the hybrid multimodal sen-
sor is implemented by the optical signal of LIG-mLPG, where the
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pressure level is encoded into wavelength spectral change. To in-
vestigate the pressure sensitivity of the proposed LIG-mLPG, dif-
ferent values of normal stress from a digital push-pull force tester
were applied to the grating. LIG-mLPG deformed under normal
stress, changing the grating matching conditions and causing a
shift of the resonant wavelength. The dip of resonant wavelength
shift of the LIG-mLPG with the normal stress changing from 0
to 20 mN was recorded and shown in Figure 4a, and it shows a
clear response to a pressure of 2 mN per step and a high signal-
to-noise ratio. The transmission spectra of a single dip under dif-
ferent pressure are shown in Figure 4D, and the resonant wave-
length gradually decreases with increasing pressure. The wave-
length shift of LIG-mLPG under different pressure was also mea-
sured and shown in Figure 4c, which manifests a good repeatabil-
ity. The wavelength shift caused by pressure was calibrated within
the measurable range from 0.1-17 kPa (inset) in Figure 4d. The
pressure sensitivity is defined as S = (W,-W,)/AP, where AP rep-
resents the pressure change, W, is the wavelength corresponding
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to the pressure change, W, is the initial wavelength. The mea-
sured sensitivity was estimated as 2.06 nm kPa~! by linearly fit-
ting with the external pressure from 0.1 to 9 kPa, and the detec-
tion limit is 0.008 kPa. As shown in Figure 4e, the response time
and recovery time of LIG-mLPG under 1 kPa pressure were ~2.8
and 15.5 ms, respectively. Therefore, the prepared LIG-mLPG not
only has high sensitivity and linear range to the pressure, but also
shows fast response. Finally, LIG-mLPG also showed good stabil-
ity in a stationary state with a wavelength drift of <15 pm within
1 h and a standard deviation of ~2.6 pm (Figure S6, Supporting
Information). It remained stable for a month with a spectral fluc-
tuation standard deviation of ~0.608 nm, as shown in Figure 4f.
We further validated the refractive index (RI) response of
the LIG-mLPG by immersing the LIG-mLPG into the sodium
chloride solution with different concentrations, and the corre-
sponding RI changed from 1.333 to 1.4. The grating spectral
response was shown in Figure 4g, exhibiting a low sensitiv-
ity of 25.8 nm/RIU. This is due to the hydrophobicity of LIG-
mLPG, with a hydrophobic angle of 125.72° (Figure S7, Sup-
porting Information). Then we performed hydrophilic opera-
tion on LIG-mLPG where its hydrophobic angle becomes 66.9°
(Figure S7, Supporting Information). After hydrophilic opera-
tion, its refractive index spectral response with RI sensitivity of
314.5 nm/RIU is shown in Figure 4h. Figure 4i shows the com-
parison of the refractive index response, showing good linear-
ity and giving ~12.19 times improvement after hydrophilic op-
eration. Therefore, we can achieve physical and biochemical pa-
rameters measurement through flexible interface modification.
Here, we choose a low refractive index sensitivity design to min-
imize the influence of external biochemical parameters. There-
fore, the optical response of the device can be served as a sens-
ing element which is biomechanical sensitive but insensitive to
biomarkers due to the high hydrophobicity of LIG-mLPG with RI
sensitivity of only 25.8 nm/RIU in liquid environments.

2.3.2. Electrical Response of Graphene Electrode in the Multimodal
Sensor

The biochemical sensing part of the hybrid multimodal sensor
is implemented by electrical signals of LIG interdigital electrode,
where the glucose concentration is encoded into the resistance.
We first tested the conductivity of graphene electrodes via CV
and EIS tests (Figures S8 and S9, Supporting Information), and
the results showed that graphene electrodes have good charge
transfer ability and can be used as electrical sensing components.
Additionally, we tested the stability of the electrode resistance,
which also showed good stability in a stationary state. The re-
sistance change was less than 0.02% within 2 h, with a stan-
dard deviation of ~0.003%, and remained stable for 1 month
with a standard deviation of ~0.965 Q (Figure S10, Support-
ing Information). To achieve a strain insensitive chemical detec-
tion platform, we introduced GB hydrogel with good conductivity
and biocompatibility (structure as shown Figure S11, Support-
ing Information).*¥ As illustrated in Figure 5a, the I-V charac-
teristics changed with different values of pressure when using
LIG directly as the sensing electrode. This may be attributed to
the cracks in the LIG caused by pressure deformation, leading to
changes in resistance.l*] In contrast, no significant change was
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observed in the I-V curve under different pressure after introduc-
ing the GB hydrogel in Figure 5b. This is because the conductive
hydrogel compensates the broken LIG cracks through external
circuit to maintain its conductivity under high pressure deforma-
tion, which enhances its continuous conductive tensile ability.[*¢]
The strain sensitivity of a resistor is defined as S = (AR/R,)/AP,
where AP is the pressure change, AR = R-R,, R, is the resistance
under the corresponding pressure change, R, is the initial resis-
tance. In Figure 5c, the strain sensitivity of LIG was measured
to be ~0.657%/kPa from 0 to 16 kPa, however, when it exceeds
16 kPa, the strain crack increases abruptly and the resistance in-
creases sharply. After combining with the GB hydrogel, the strain
sensitivity is only ~0.003%/kPa with the pressure changing from
0.1-20 kPa, and the resistance change under small pressure de-
formation can be ignored. Due to the characteristics of hydro-
gel, we can achieve strain insensitivity of the LIG-mLPG. In the
rheological characteristics of hydrogel, the storage modulus G’
remained higher than its loss modulus G” in the shear strain
range from 0.1% to 10%, as shown in Figure 5d, which indicated
that GB hydrogel has good viscoelasticity and the ability to resist
the large shear strain. The shear strain value of 1% in the lin-
ear viscoelastic region was selected for further frequency scan-
ning and the result are shown in Figure 5e. Both G’ and G” ex-
hibit weak frequency dependence within 1-60 Hz and maintain
good mechanical properties (G’ > G”). The GB hydrogel expe-
riences the transition from gel to sol state (G” > G') when the
strain becomes 50% from 0.5%, whereas the G’ is higher than
G” when the strain is quickly switched back to 0.5%, as shown in
Figure 5f, indicating that the GB hydrogel has the ability of rapid
self-healing and can repair these structures through the non-
covalent and dynamic chemical bonds when mechanical strain
occurs. Moreover, in the rheological test with different fluid envi-
ronments and glucose in different concentrations, GB hydrogel
maintains good mechanical response (G’ > G”) (Figure S12, Sup-
porting Information). As shown in Figure 5g, after loading the
GOx into GB hydrogel, the resistance gradually decreases when
the glucose concentration increases from 0 to 25 mM, which is
due to the decomposition of glucose and the generation of elec-
trons under the action of GOx.[*’] Furthermore, the byproducts of
hydrogen peroxide and gluconic acid both destroy the structure
of GB hydrogel and increase the conductivity, thus amplifying
the resistance change during glucose decomposition to a certain
extent. Figure 5h shows the measured resistance changes with
different concentrations of glucose, and indicates a linear range
0f 0.02 mM ~13.28 mM with the detection limit of ~0.0246 mM.
Due to the existence of GOx, the hydrogel has good specificity
for glucose detection, as shown in Figure 5i. These results show
that the GB hydrogel could be used as a strain insensitive and
flexible material in sensor for glucose detection in the low fre-
quency range of practical detection. In addition, to verify the in-
sensitivity of grating optical signal to glucose variation, we de-
tected the response of LIG-mLPG to different concentrations of
glucose. The result showed that the grating spectral signal re-
mained almost unchanged when glucose was less than 50 mM
(Figure S13, Supporting Information). And in 4000 times stabil-
ity test under 4 kPa, both the optical and electrical sensors main-
tained good repeatability (Figures S14 and S15, Supporting In-
formation). Therefore, LIG-mLPG combined with GB hydrogel
can be regarded as a biosensor for simultaneous monitoring of
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Figure 5. a) |-V characteristics of LIG electrode (positive and negative electrodes connected) within 20 kPa; b) I-V characteristics of GB hydrogel/LIG
(interdigital electrode structure) within 20 kPa; c) Comparison of resistance changes between the positive and negative connection pattern of LIG and
the GB hydrogel/LIG under different pressures; The storage modulus G” and loss modulus G” of GB hydrogel change under different d) shear strains
and e) frequencies; f) Rheological recovery test performed with alternately switched shear strain between large strain (50%) and small strain (0.5%); g)
The resistance changes of the GB hydrogel doped with GOx under different glucose concentrations (0-25 mM); h) Resistance changes with different

glucose concentration; i) Specificity for glucose.

glucose and biomechanical parameters in the biological fluid en-
vironments.

2.4. Detection of Diabetes Wound Healing Using the LIG-mLPG
Sensor

Wound healing in diabetes is a complex and dynamic process, in-
volving real-time monitoring of wound environment, early iden-
tification of infection risk and accurate assessment of healing
progress.[*8] In this section, we explore the feasibility of the mul-
timodal sensor for monitoring the wound hardness and glucose
level in diabetic wound healing process. We first investigated the
spectral response of the LIG-mLPG sensor to the hardness by
conformally attaching the LIG-mLPG to the objects with different
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hardness. The results are shown in Figure S16, Supporting Infor-
mation, which indicates the greater the hardness, the smaller the
spectral response. After that, the LIG-mLPG was adhered to the
wound near the abdomen of rats with diabetes. The abdomen
undulation will deform the device due to the periodic respiratory
activity, the hardness during the wound healing process can be
monitored by the sensor. Figure 6a shows that the wound gradu-
ally heals and its hardness increases with time.[*"! The signal vari-
ation of LIG-mLPG induced by respiratory deformation gradually
decreases (blue curves), which is in agreement with the change
in wound hardness measured by a commercial shore hardness
tester (red dots). As revealed in Figure 6b, the resistance signal
(electrical signal) of the GB hydrogel was captured to measure the
glucose concentration in the wound exudate. During the mon-
itoring process, we injected the insulin into the rats, then the
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Figure 6. a) The monitoring of wound of the diabetic rat in fiber grating signal (blue) and the change in wound hardness measured by commercial Shore
hardness tester (red); b) The monitoring of wound of the diabetic rat in hydrogel electrical signal (blue) and the change in blood glucose measured by
commercial blood glucose meters; c) Respiratory signal of the diabetic rat (magnified view of the grating signal in a); d) The monitoring of wound of the
healthy rat in fiber grating signal (blue) and the change in wound hardness measured by commercial Shore hardness tester (red); €) The monitoring of
wound of the healthy rat in hydrogel electrical signal (blue) and the change in blood glucose measured by commercial blood glucose meters; f) Changes

in the wound at the beginning and end of the monitoring.

level of glucose concentration began to decline. The trend of this
changes measured throughout the entire process (blue curves)
is consistent with the blood glucose changes measured with a
commercially available blood glucose meter (red dots). Figure 6¢
shows the respiratory signal of the diabetic rat within the time
slot of 15 s, which indicated that the respiratory signals can also
be captured when monitoring the hardness of the wound. Sim-
ilarly, the LIG-mLPG was attached to the wound of healthy rats,
and the trend of wound healing process was similar to that of dia-
betes rats, as shown in Figure 6d. It was found that the hardness
gradually increased as the wound slowly healed. The variation
tendency was also consistent with the change of wound hard-
ness measured with a commercial shore hardness tester. Since
the healthy rats were not injected with insulin when monitor-
ing, the electrical signal measured by the sensor had no signifi-
cant drift or degradation, given that the glucose concentration in
the wound exudate was proven to be basically stable. The change
trend was also consistent with that measured by the commercial
glucose meter, as shown in Figure 6e. Figure 6f shows the pho-
tos of the wound changes before and after measurement for the
diabetes rats and healthy rats.

2.5. Real-Time Multiparameter Monitoring of Human Health
Biomechanical information such as heart rate, artery pulse, and

blood pressure are important vital signs of the human body. Si-
multaneous monitoring of such biomechanical and biochemical
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information can provide a comprehensive assessment of a hu-
man health status, help identify some potential concurrent dis-
eases, facilitate early intervention, and better manage diabetes.
Benefitting from the high flexibility and multimodal perception
abilities, we investigate the feasibility of the multimodal sensor
for simultaneous monitoring the pulse and sweat glucose signals
by attaching LIG-mLPG onto the surface of tight sportswear dur-
ing daily exercise. To verify the independence of optical and elec-
trical signals from the LIG-mLPG, a healthy volunteer wore the
LIG-mLPG onto his chest in motion and to the wrist in a sta-
tionary state, respectively. As shown in Figure 7a, the volunteer
began to move and the sweat flowed out as the movement con-
tinued, leading to glucose detection (no deformation, only sweat).
Due to high calorie consumption with continuous exercise, the
concentration of glucose slowly decreases from 0.191 mM to
0.109 mM.l However, there is no superficial artery at the chest,
so no pulse signal can be captured by the sensor. In contrast,
when LIG-mLPG is attached near the superficial artery of the
wrist, the contour of the periodic pulse wave can be clearly de-
tected in a stationary state without movement, but there is no
sweat flowing out in the stationary state, so the signal measured
by the electrode remains stable and is minimally affected by the
pulse signal, as shown in Figure 7b. Two sets of signals could
be separated in the output of the multimodal biosensor due to
different sensing mechanisms.

To demonstrate the performance of the sensor across dif-
ferent populations, we conducted human motion experiments
with three volunteers to validate the sensor’s broad applicability.
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Figure 7. a) Monitoring on the chest during exercise (no deformation, only sweat); b) Monitoring on the wrist at rest (no sweat, deformation caused by
pulse); c) Changes in the pulse wave on the wrist during exercise; d) Changes in glucose concentration in sweat (blue) and blood glucose measurement
with a commercial blood glucose meter (red) during exercise; e) Changes in pulse rate over time.

Volunteer 1 is an ordinary healthy male, and Volunteer 2 is an
ordinary healthy female, and Volunteer 3 is a healthy male who
exercises regularly. The test results for Volunteer 1 are shown in
Figure 7c,d, where the pulse wave profile and sweat glucose lev-
els gradually change with the continuation of exercise. With the
increase of exercise load, the body needs more blood to deliver
oxygen, and the amplitude of ventricular contraction increases to
enhance blood supply. Therefore, the percussion (P) wave grad-
ually increases.[*!l The tidal (T) wave first climbs up and then de-
creases (Figure S17, Supporting Information), which may be at-
tributed to relatively tense vessels and the resistance increment to
blood flow propagation at the beginning of exercise. However, as
the exercise load continues to increase, vessels gradually expand
and become smooth, resulting in a decrease in blood flow propa-
gation resistance. So the tidal wave gradually decreases and disap-
pears, indicating that Moderate Pulse becomes Smooth Pulse af-
ter exercise. At the same time, due to the relaxation of muscle ves-
sels during exercise, peripheral resistance decreases, resulting in
a decrease in the rising rate of the pulse ascending process.l*?]
The dicrotic (D) wave climbs up slightly at the beginning, and no
significant signal variation is observed in subsequent changes,
which is in agreement with some published studies.>* This is be-
cause an increase in heart rate may lead to an increase in D wave
during exercise. Apart from this, the relaxation of skeletal mus-
cle vessels declines the D wave, resulting in an overall stability.>*)
The improved muscle metabolism can also cause muscle vasodi-
lation and decrease muscle vascular resistance, inducing a de-
cline in the dicrotic notch.*®! In the electrical signal shown in
Figure 7d, the glucose concentration in sweat descended from
0.212 mM to 0.097 mM, and gradually stabilized after stopping

Adv. Sci. 2025, 12, 2501352 2501352 (10 of 13)

exercise, which was consistent with the measurement by using a
commercial blood glucose meter. Fluctuations during movement
may be caused by slight changes in resistance during low concen-
tration tests (Figure S18, Supporting Information). Additionally,
the pulse rate recovered from a maximum of 139.8 beats per min
(b.p.m.) to 75.6 b.p.m. within 30 min with the cessation of move-
ment, as shown in Figure 7e. The pulse variation results mea-
sured for Volunteers 2 and 3 are similar to those of Volunteer 1
(Figure S19, Supporting Information). However, in Volunteer 3,
the pulse profile shows a smaller tidal peak before exercise, and
after exercise, the tidal peak decreases rapidly, while the changes
in percussion and frequency are not as pronounced as those in
Volunteers 1 and 2. These differences may be attributed to Volun-
teer 3's regular exercise, which leads to lower vascular resistance
in daily life and a quicker adaptation after exercise. In addition,
the changes in glucose in Volunteer 2’s sweat were 0.235 mM
down to 0.113 mM, and 0.228 mM down to 0.104 Mm in Vol-
unteer 3, which are similar to the results of Volunteer 1. These
results have important clinical significance for daily monitoring
of diabetic patients.

3. Conclusion

In summary, we have demonstrated an optoelectronic hybrid
multimodal wearable optical fiber sensor which can simultane-
ous monitor biomechanics and glucose. This seamless integrated
multimodal sensor is firstly fabricated by laser patterning on
the PDMS with porous LIG to form the interdigital electrode,
which also modulates the refractive index of the microfiber en-
capsulated into PDMS, building up a mLPG. To achieve accurate
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multi-parameter sensing, two different sets of electrical and opti-
cal signals were integrated in one LIG-mLPG sensor with dis-
tinct operation mechanisms, and comprehensive characteriza-
tions were performed to validate the pressure sensing viability
and the electrical response of graphene electrode of the LIG-
mLPG sensor. As the flexible electrode and functionalized with
the conductive GB hydrogel, a glucose biosensor is constructed
by loading glucose oxidase into the hydrogel. Compared with
existing multimodal sensors, LIG-mLPG not only enhances the
functionality and compactness, effectively saves space, but also
maintains fast response time, high sensitivity and stability (Table
S1, Supporting Information). Meanwhile, the mLPG triggers
mode coupling with resonant wavelength, which can be concur-
rently served as a spectrally-resolved optical sensor for biome-
chanics monitoring. Furthermore, we thoroughly study and ver-
ify the independence of two sensing mechanisms upon differ-
ent stimuli, and further demonstrate the detection of glucose in
wound exudate of rat model and simultaneous monitoring of
artery pulse and sweat glucose in human model. Regarding fur-
ther improvements to the current sensor, we can integrate two
readout systems for optical and electrical signals into a single
demodulation system through external rigid circuit modules for
better flexibility and comfort characteristics in future wearable
devices.>®l Moreover, the electrical properties of the obtained LIG
can be optimized by modify the PDMS substrate, such as dop-
ing PDMS to enrich its carbon sources, which can improve the
conductivity of LIG.’”I Developing hydrogels with better mois-
ture retention systems and optimizing hydrogel elution meth-
ods can also help enhance the long-term usability of the wearable
sensor.[®] For future applications, this sensor offers a new design
concept for compact and multifunctional wearable sensors that
enable reliable measurements for various hybrid stimuli moni-
toring and provides better understanding on glucose levels and
human biomechanical parameters for optimized management of
diabetes.

4. Experimental Section

Experimental Materials: PDMS (Sylgard 184, Dow Corning) was pur-
chased from Guangzhou Zock Biotechnology Development Co., Ltd.
Guanosine, boric acid (B(OH);), ascorbic acid (AA), lactic acid, and uric
acid (UA) were all purchased from Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). Sodium hydroxide (NaOH) solution is provided
by Guangzhou Chemical Reagent (China). HEPES buffer solution was pur-
chased from Macklin Biochemical Technology Co., Ltd. (Shanghai, China).
GOx was purchased from Guangzhou Baohui Biotechnology Co., Ltd. Glu-
cose was purchased from West Asia Chemical Co., Ltd. (Shandong, China).

Fabrication of LIG-mLPG: ~ Figure S2, Supporting Information shows of
the schematic of the setup for the fabrication of the LIG-mLPG. Firstly, a
microfiber was fabricated by drawing a standard single mode fiber (SMF)
down to micron scale by using the flame-brushing technique.[3'1 The SMF
was clamped and fixed on two horizontal motors, and the hydrogen oxygen
flame nozzle scanned to soften the SMF. Simultaneously, two horizontal
motors slowly moved to pull and taper the melted SMF, with the fiber di-
ameter shrinking from 125 to ~8 um via precise control. Then, the PDMS
was used for the encapsulation of microfibers. The commercial PDMS was
prepared by mixing prepolymer A and curing agent B in a ratio of 10:1,
which was stirred evenly until a large number of small bubbles appeared
in the PDMS, followed by the centrifugal treatment to remove the bubbles.
Subsequently, the collected PDMS was dropped onto a glass slide and flat-
tened by a coating machine to form a substrate layer with a thickness of
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~200 um. The fabricated microfiber was then carefully submerged into
the uncured PDMS substrate. Afterward, the sample was placed in a dry-
ing oven (80 °C) for 30 min to cure PDMS and secure the microfiber from
breakage or bending deformation. The cross-section of microfibers encap-
sulated in PDMS was shown in Figure S1, Supporting Information. The
encapsulated microfiber sample was ultimately fixed onto a laser engrav-
ing system with laser wavelength of 532 nm. The laser-induced patterning
was designed as a series of rectangular array, which was also formed as
the modulation structure of the LIG-mLPG with the period of 500 um. With
a scanning speed of 2 mm s~', the laser-induced patterning of PDMS was
performed, modulating the refractive index of the microfiber and forming
a LIG-mLPG.B37]

Preparation of Flexible Optoelectronic Hybrid Multimodal Sensor: The
preparation process of GB hydrogel is similar with the method in Ref. [59]
The molten GB hydrogel was transferred onto LIG-mLPG, which subse-
quently cooled down and solidified to form GB hydrogel film, ultimately
constituting the GB hydrogel /LIG-mLPG structure. To load GOx into GB
hydrogel, the HEPES buffer solution containing T mg/mL GOx (10 X
10=3 M, pH 7.4, sodium chloride in 50 x 1073 M) was used to soak the
hydrogel for 1h.180] Glucose reagents with different target concentrations
were added into the hydrogel, and a multimeter (KEITHLEY DMM7510)
was applied to measure the resistance variation of the GB hydrogel.

Characterization of the LIG and GB Hydrogels: The physical photo of
the LIG-mLPG was recorded by a CCD camera. The structure and morphol-
ogy of LIG and GB hydrogels were observed by SEM (ZEISS, ULTRA-55,
Germany). The peak values of PDMS and LIG chemical bonds were mea-
sured by FTIR (Vertex 70v, Bruker tensor 27, Germany). The Raman spectra
of LIG were recorded by using confocal Raman spectroscopy with an ex-
citation wavelength of 785 nm (DXR, ThermoFisher Scientific, USA). The
elemental information of LIG was tested by K-Alpha XPS (ESCALAB 250X,
ThermoFisher Scientific, USA). The static contact angle was measured
by a dynamic contact angle tester (JY-82B Kruss DSA, Dataphysics, Ger-
many). The rheological characteristics were tested by a rotational rheome-
ter (Kinexus Pro, Malvern, UK) with a parallel plate geometry with diameter
of 20 mm.

Pressure Sensing Performance: Two ends of the prepared LIG-mLPG
were connected with a broadband light source (Golight 1250-1650 nm)
and a spectrometer (YOKOGAWA, AQ6370D), respectively, while the pos-
itive and negative terminals of the LIG interdigital electrode are con-
nected to the positive and negative terminals of a multimeter (KEITH-
LEY DMM7510). First, the LIG-mLPG was clamped at both ends using
a fixture, allowing the sensor portion in the middle to maintain parallel.
Then, a digital push-pull force gauge was used to apply pressure to the
LIG-mLPG, recording the corresponding spectral changes of the mLPG as
well as the resistance changes of the LIG. The response time was mea-
sured using spectral intensity detection technology. Additionally, the I-V
curve was measured by using a KEITHLEY 2614B source meter.

GB Hydrogel Performance: ~ To investigate the effects of different factors
on the mechanical properties of GB hydrogel, it was placed in a rheometer,
where various frequency scans and strain values were applied to measure
the corresponding (G’) and (G”). Additionally, glucose solutions of vary-
ing concentrations, artificial sweat and simulated wound fluid were added
to the rheometer to measure their corresponding (G’) and (G”), validating
the mechanical properties in different environments. After waterproof en-
capsulation of the non-sensing area of the LIG with PDMS, the GB hydro-
gel was modified into the LIG interdigital electrode and immersed in saline
solution. Glucose solutions of appropriate concentrations are added to the
prepared solution, and a multimeter (KEITHLEY DMM7510) was used to
connect the positive and negative terminals of the LIG interdigital elec-
trode for resistance testing.

Construction of Diabetes Rat Model: 6 to 8-week-old female CD (SD)
IGS rats were purchased from Charles River (Foshan, China). The animal
experiment was approved by the Professional Committee of Experimen-
tal Animal Ethics of Jinan University (Approval No.: IACUC-20241101-19),
and all rats were housed in the Experimental Animal Center of Jinan Uni-
versity. Type 1 diabetes rats were induced by a single intraperitoneal injec-
tion of streptozotocin (STZ, 55 mg kg™"). 1 week after the administration
of STZ, the rats were considered to suffer from diabetes when the blood
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glucose level of the rats exceeded 16.7 mmol L=". During the whole pro-
cess, the blood glucose levels of rats were recorded through tail vein blood
by a commercial blood glucose meter. After successful modeling, 1% pen-
tobarbital sodium was injected intraperitoneally into rats for anesthesia
and hair removal treatment. After cleaning with iodine, a 25 mm x 25 mm
wound was cut with scissors. Healthy rat wounds are treated in the same
way.

Real Time Monitoring of In Situ Wounds and In-situ Motion: A small an-
imal anesthesia machine (R580S, RWD Life Science Co. Ltd., China) was
used to introduce the isoflurane into the body of the rats under test, with
a flow rate of 0.5 L min~" and a density of 1.5%. During the experiment,
animal insulation blankets were used to maintain temperature stability in
rats. The LIG-mLPG device modified with GB hydrogel was attached to the
wound of rats. Then, the diabetes rats were intraperitoneally injected with
insulin, while the healthy rats were not injected with insulin. Similarly, sub-
jects with consent underwent in-situ testing. The LIG-mLPG sensor was
connected to the wrist or chest of each subject. The subjects exercised on
a spinning bike for 120 min, maintaining a constant speed during the exer-
cise. The grating signal was collected by spectral intensity detection tech-
nique, and the resistance change of GB hydrogel was measured by a mul-
timeter (KEITHLEY DMM7510). The corresponding hardness and blood
glucose reference standards were collected every 30 min by commercial
Shore hardness tester and commercial blood glucose meter, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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