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Abstract

Currently, flexible sensors based on electrochemical principles are predominantly lim-
ited to single-parameter detection, making it challenging to meet the demand for syn-
chronous monitoring of multiple analytes in complex physiological environments. This
study presents a 3D-printed flexible sensor for synchronous glucose/pH detection. Glu-
cose was quantified via H,O, oxidation current (GOD-catalyzed reaction), while pH was
measured through polyaniline (PANI) resistance changes. The ionogel-based microneedle
electrode ensures mechanical robustness. At 0.2 V, optimal signal decoupling was achieved:
glucose oxidation current dominates, while PANI’s polarization effect is minimized. Neu-
tral pH minimally affected glucose oxidase (GOD) activity, and low glucose concentrations
induced negligible pH interference, ensuring orthogonality. In artificial interstitial fluid,
the sensor showed glucose: linear response (0.5-2.5 g-L !, 0.288 pA-mM~!-cm~2); pH:
piecewise-linear sensitivity (0.155 Q/pH-cm? for pH > 7; 0.135 Q/pH-cm? for pH < 7).
The design enables real-time multiparameter monitoring with high selectivity, addressing
current limitations in flexible electrochemical sensors.

Keywords: biosensors; glucose sensing; pH sensing; flexible materials

1. Introduction

As the core device of wearable health monitoring, intelligent medical diagnosis, and
human-computer interaction, flexible sensors are showing explosive growth driven by
the Internet of Things and big data technology. They are widely used in key fields such
as real-time physiological signal acquisition (e.g., ECG, blood glucose, pH), robotic tactile
perception, and industrial process monitoring [1-6]. Market research shows that the global
flexible sensor market continues to expand, and it has shown explosive growth in the past
few years. In 2020, despite the pandemic, its shipments increased by 32% to USD 444.7
million [7]. Especially in the field of health monitoring, continuous and accurate perception
of key physiological indicators (such as blood glucose and pH) is an important direction
for flexible sensors to play their core value in the medical field [8].

Among many physiological indicators, glucose and pH have attracted much attention
because of their key indicators of metabolic status, tissue environment, and disease diagno-
sis [9]. Conventional flexible glucose sensing is used to quantify glucose concentration by
generating changes in currents arising from reactions catalyzed by glucose oxidase [10].
Flexible pH sensors, on the other hand, generally use resistance/impedance analysis to
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measure the conductivity of pH-sensitive materials (e.g., polyaniline, metal oxides) as a
function of hydrogen ion concentration [11]. However, traditional single-modal sensors
based on epidermal contact (e.g., sweat) often face challenges such as insufficient detection
accuracy (e.g., sweat components are susceptible to contamination, evaporation) and poor
response stability [12]. In order to improve the accuracy and reliability of glucose detection,
microneedle percutaneous glucose sensors came into being [13]. By penetrating the stratum
corneum and directly contacting the interstitial fluid, it significantly improves the detection
accuracy and response speed; however, such microneedle sensors usually focus on the
detection of a single parameter of glucose and cannot achieve in situ and synchronous mon-
itoring with pH or other key physiological indicators [14]. In addition, the need to deploy
glucose and pH sensors independently (whether traditional epidermal or microneedling)
not only increases the burden and discomfort of the wearer but also leads to signal cross-
interference and spatial positioning bias, making it difficult to obtain truly synchronized
and position-consistent physiological information [15]. This directly leads to the need for
integrated dual-modal (or multimodal) flexible sensors. Recent research has focused on the
development of integrated sensors that can detect glucose and pH at the same time, and
the feasibility and value of synchronous monitoring have been demonstrated by carefully
designing the electrode layout, selecting compatible sensing materials, and introducing an
isolation layer [16]. For example, the calf saliva detection sensor developed by Md Ridwan
Adib et al. used the original gold electrode for pH measurement and then used the effective
in situ pH control method achieved by the interdigitated microelectrode (IDE) to optimize
the effect of pH on glucose detection [17]. The rhodium oxide nanocoral sensor designed by
Dong et al. can simultaneously monitor glucose concentration and pH value in an alkaline
environment through its electrocatalytic activity and pH sensitivity [18]. Seung Yun Oh
et al. designed a stretchable sweat sensor that responds to glucose and pH by loading
different nanocomposites with gold nanosheet electrodes [15] such sensors generally suffer
from material bottlenecks (sensitivity and biocompatibility), process limitations (insuf-
ficient accuracy in the integration of complex curved micro-nano structures), high cost
(use of precious metals and special nanomaterials), and manufacturing difficulties (strict
requirements for multi-layer coating and in situ control processes) [19-21]. Therefore, there
is an urgent need to develop new sensing platforms with excellent flexibility, high-precision
manufacturing, good biocompatibility, and reliable dual functions.

In order to overcome the above bottlenecks, this study proposed a strategy based
on ionic gel materials and light-curing 3D printing technology, using the dual-parameter
response of current resistance to detect glucose and pH. With its high ionic conductivity,
wide electrochemical window, and tunable mechanical properties, ionic gels provide an
ideal substrate for dual-modal sensing [22]. Digital Light Processing (DLP) technology, on
the other hand, overcomes the limitations of traditional manufacturing in the integration
of fine structures such as microneedle arrays through micron-level accuracy (10-50 pm)
and the ability to form complex structures [23]. In this study, a high-performance gel
substrate was developed by optimizing the ionic liquid/photopolymer (PUA-ACMO)
formulation, and the core structure of the microneedle electrode was printed directly on
the gel, which significantly simplified the process. However, existing studies have not yet
systematically addressed the challenges of DLP-based ionic gel sensors in the simultaneous
integration of multiple biological functions (e.g., glucose/pH). By layering the glucose
oxidase layer (current response) and the polyaniline pH-sensitive layer (resistance response)
on the surface of the microneedle, we achieved a dual-modal mutual interference detection
within a certain pH influence range (pH6.86—pH?7.6) and prepared a two-modal mutual
interference detection with good linear sensitivity (sensitivity to glucose concentration
of 0.288 uA-mM~!-cm~2, pH sensitivity in alkaline environment 0.155 Q /pH-cm?). This
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strategy opens up a new way to efficiently manufacture low-cost, high-precision flexible
multimodal sensors.

2. Experimental Methods
2.1. Materials and Reagents

Polyethylene glycol (PEG, average molecular weight 1000), isophorone diisocyanate
(IPD], average molecular weight 222.28), polycaprolactone (PCL, average molecular weight
2000), tetrahydrofuran, tin dibutyl dilaurate (DBTDL), hydroxyethyl acrylate (HEA, aver-
age molecular weight 116.2), hydroquinone (HQ), acryloylmorpholine (ACMO), 1-ethyl-
3-methylimidazolebis(trifluoromethylsulfonyl)imide ((EMIM][TFSI], 97%), trimethylben-
zoylphosphine oxide (TPO), glucose oxidase (GOD), polyaniline (PANI), and hydrochloric
acid buffer (PBS, pH7.0-pH7.4) were all from Maclean’s Biochemical Technology Co.,
Ltd. (Shanghai, China); silver chloride paste (Ag/AgCl, Elec-H230) was purchased from
Shenzhen Yilaike New Materials Co., Ltd. (Shenzhen, China); and glucose solution was
purchased from Huasheng Chemical Reagent Co., Ltd. (Zhengzhou, China). pH buffer was
purchased from Shengsheng Test Standard Technology Co., Ltd. (Xiamen, China); Nafion™
membrane solution (D520, 5 wt.%) was purchased from DuPont (DuPont, Wilmington, DE,
USA); pentylene glycol fixative solution (SF023, 2 wt.%) was purchased from Isejiu Biotech-
nology Co., Ltd. (Lianyungang, China); artificial interstitial fluid (SBF) was purchased from
Feijing Biotechnology Co., Ltd. (Fuzhou, China); and pH test paper was purchased from
Luheng Environmental Technology Co., Ltd. (Hangzhou, China). All chemical reagents
were of analytical purity and did not require further purification.

2.2. Preparation of lonic Gel Substrate Materials
2.2.1. Polyurethane Acrylate (PUA) Synthesis

Place polyethylene glycol (PEG, 11 g) was placed in a magnetic stirring heater (HJ-2A,
Shandong Brocade Scientific Instrument Co., Ltd., Jinan, China) at 120 °C and stirred for 1 h.
Isophorone diisocyanate (IPDI, 4.89 g), polycaprolactone glycol (PCL, 2 g), and tin dibutyl
dilaurate (DBTDL, 0.04 g) were subsequently added, and 25 mL of tetrahydrofuran was
added as solvent. The mixture was stirred in a magnetic stirring heater at 60 °C for 1.5 h,
and then hydroxyethyl acrylate (HEA, 1.162 g) and hydroquinone (HQ, 0.04 g) were added
to the system, and the stirring reaction was continued for 40 min to obtain polyurethane
acrylate with a molar mass ratio of 11:0.5:5.5 for IPDI, PCL, and PEG (PUA); then, we
adjusted the dosage of PEG and PCL to obtain PUA with different ratios (11:1:8, 11:0.5:8,
11:0.5:7, 11:0.5:6, 11:0.5:5.5, 11:0.5:5) and labelled them with PEG-xmmol, which represents
the molar mass proportion of PEG.

2.2.2. Ionic Gel Synthesis

The above synthesized PUA was stirred with acryloylmorpholine (ACMO) at 70 °C for
4 h, followed by ventilation evaporation to remove the tetrahydrofuran solvent. The pho-
toinitiator trimethylbenzoylphosphine oxide (TPO, 2 wt.%) was added at room temperature,
and after stirring for 30 min, 1-ethyl-3-methylimidazole bis(trifluoromethylsulfonyl)imide
(IEMIM][TFSI]) with different mass fractions (40 wt.%, 50 wt.%, 60 wt.%, 70 wt.%, 80 wt.%)
was added, and the homogeneous ionic gel resin was obtained by stirring for 30 min, with
the ionic liquid ([EMIM][TMIM] was represented by ILx%) used to represent the ionic
liquid ([EMIM][TFSI]). Part of the resin was injected into a polytetrafluoroethylene (PTFE)
mold and was cured by 405 nm ultraviolet light (3 mW /cm?) for 1 min to obtain a colorless
transparent ionic gel.
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2.3. Sensor Model Printing

The ionic gel resin was injected into the liquid tank of the DLP 3D printer (5140, BMF
Precision Technology Co., Ltd., Chongqing, China) to ensure that the printing platform was
completely submerged in the resin and had no air bubbles remaining. To ensure proper
adhesion to the print platform and initial stability, we increased the light intensity for the
first layer. The first layer of light intensity was 4 mW/cm?, the rest of the light intensity
was 3 mW /cm?, and the light time was 5 s.

Microneedle array (layer thickness 20 um) and groove (layer thickness 50 pm) models
were converted to SLA format and sectioned. Based on the optimized parameters, the
curing time of each layer was controlled within a few seconds. After printing, the uncured
resin was washed with absolute ethanol and cured for 5 min under a 3 mW/cm?2 UV lamp.

2.4. Prepare Glucose Sensors and pH Sensors

The sensor operated on two distinct mechanisms: glucose quantification via the
oxidation current of hydrogen peroxide (H,O,), generated through glucose oxidase (GOD)-
catalyzed glucose oxidation, and pH detection via the resistance measurement of polyani-
line (PANI), whose redox state exhibits pH-dependent conductivity. An ionogel served as
the substrate material, with high-resolution light-curing printing employed to fabricate
electrode bases featuring microneedle arrays and microgroove structures. The substrate
surface was functionalized with GOD and PANI as the glucose- and pH-sensitive elements,
respectively. The dual-parameter detection system demonstrated excellent orthogonality,
as pH variations in neutral environments minimally affect GOD activity, while the acidic
byproducts of glucose oxidation at low concentrations exhibit negligible interference with
the PANI-based resistance signal. The working mechanism is illustrated in Figure 1, where
pH variation induces a transition in PANI’s state. Under acidic conditions, polyaniline
shifts from the emeraldine base form (PANI-EB) to the emeraldine salt form (PANI-ES).
The former consists of alternating benzene rings (-C4Hg-) and quinonoid imine rings
(=N-C4Hg=N-) with non-protonated nitrogen atoms, while the latter features protonated
imine nitrogen, leading to a change in electrical resistance. Meanwhile, glucose is oxidized
by GOD, generating H,O,, and the oxidation reaction releases electrons. The equivalent
circuit diagrams for both processes are shown on the right side of Figure 1. To prevent
excessive oxidation of PANI by H,O,, which could impair its pH responsiveness, we
explored strategies such as catalase addition, Nafion membrane coating, and pH range
adjustment. Ultimately, we utilized the selective permeability of the Nafion membrane
to reduce direct contact between HyO, and PANI while allowing hydrogen ions (H*) to
pass through unimpeded. Additionally, we confined the measured pH range to 4-8, which
not only aligns with the physiological pH of human interstitial fluid but also mitigates the
oxidative reaction between H>,O, and PANI.

electrode

Working I +V

PANI-EB + H* — PANI-ES
_{(—N=]—+ H* — —[-NH'=]

aon o
slucose + 0, — Gluconic acid + H,0,
H,0, - 2H + 0, + 2¢~

(
Siens @ raniEB
ubcutancous

tissue - Ae'Q 3 @ raNiES

H

Reference l -v
electrode

Figure 1. Schematic diagram of the dual-mode sensor working principle.
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2.4.1. Preparation of Working Electrodes for Glucose Sensors

In this study, two protocols were used to prepare the working electrodes of the glucose
sensor. In the first scheme, glucose oxidase (1 wt.%, 5 wt.%, 10 wt.%, 20 wt.%) of different
mass fractions was incorporated into the pre-prepared ionic gel resin, and the mixture was
stirred for 30 min at room temperature. The microneedle array model was repeated by
pouring the enzyme-containing ionic gel resin (5 wt.%) into the liquid tank to obtain a
microneedle array with enzymatic activity. After that, the activated copper foil was cut to
a suitable size, carefully attached to the bottom or around the groove with tweezers (the
ionic gel has a certain stickiness, or it is adhered with an adhesive), and then a certain ionic
gel resin was added to the groove, and finally an enzyme-containing microneedle array
was placed and cured under 3 mW /cm? ultraviolet lamp for 10 min.

In the second scheme, 0.5 g of glucose oxidase was dissolved in 5 mL of distilled water,
mixed with 5 mL of glutaraldehyde solution, and 0.05 mL of mixed droplets were added to
the surface of the microneedle array to deposit enzyme membranes. A total of 0.05 mL of
Nafion solution diluted with absolute ethanol (1 wt.%) was dropwise applied to the surface
of the microneedle array modified with glucose oxidase to form a film precursor, and the
mixture was dried at room temperature to form a uniform selective film, with the other
encapsulation methods being the same as method 1. The working electrodes prepared by
both methods needed to be stored at low temperatures.

2.4.2. Preparation of Working Electrodes for pH Sensors

Polyaniline (PANI, 0.5 g) was dissolved in ethanol-water mixture (mass ratio 7:3),
Nafion™ solution (0.5 g, 5 wt.%) was added, the mixture was stirred for 20 min, 0.05 mL
was dropwise applied to the surface of the microneedle array, and the mixture was dried at
60 °C for 40 min. The encapsulation method was the same as that of the glucose sensor
working electrode.

2.4.3. Preparation of Working Electrodes for Composite pH and Glucose Detection Sensors

Again, two options were used here. The first solution was the same as the method for
preparing the pH sensor, first coating a layer of polyaniline and drying for a period of time,
and then coating the mixed solution of the second method for preparing the glucose sensor
in the first part, and continuing to dry at room temperature for a period of time, which is
equivalent to coating two reaction layers.

In the second solution, the first method of preparing the glucose sensor was to prepare
a microneedle array containing glucose oxidase, on which a polyaniline reaction layer was
coated and dried at room temperature for a period of time. The encapsulation method was
the same as the previous method, and the electrodes prepared in both protocols needed to
be stored refrigerated.

2.4.4. Preparation of Sensor Reference Electrodes

Silver chloride silver paste (Ag/AgCl) was evenly applied at the bottom of the groove
and dried at 100 °C for 40 min, and then a small amount of ionic gel resin was dropped into
the microneedle array, and finally, the mixture was cured under a 3 mW /cm? ultraviolet
lamp for 10 min to complete the encapsulation.

2.5. Material Characterization

FTIR-ATR measurements were performed using a Fourier transform infrared spectrom-
eter (ATR-FTIR (VERTEX 70), Bruker, Karlsruhe, Germany) in the range of 650 to 4000 em~ L
We placed 40 wt.%, 50 wt.%, 60 wt.%, 70 wt.%, 80 wt.% ionic liquid ([EMIM][TFSI]) and
40 wt.% ionic liquid ionic gels mixed with glucose oxidase (1 wt.%, 5 wt.%, 10 wt.%,
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20 wt.%) of different mass ratios in the above bands to measure transmittance. The surfaces
of the six microneedles and the grooves where silver chloride was deposited were observed
by light microscopy (CONTOURGT-K, Bruker, Germany) at 100x magnification.

2.6. Performance Testing
2.6.1. Mechanical Property Test

The mechanical properties were measured using a universal testing machine
(UMT2502, Shenzhen Sansi Zongheng Co., Ltd., Shenzhen, China), and 6 barbell-shaped
patterns were prepared for each group of ionic gel samples; the size of the slender part in
the middle was 20 mm X 2 mm x 2 mm, and each group was subjected to tensile tests
to obtain strain-stress curves, with the better groups selected for cyclic tensile tests. The
tensile speed was set to 30 mm/min in the tensile test, the number of cycles was set to
10 times in the cyclic tensile test, and the tensile speed was 10%/s of strain.

2.6.2. Ionic Conductivity Test

Ionic conductivity was measured using electrochemical impedance spectroscopy (EIS)
on a digital bridge LCR (TH2832 200 KHz accuracy 0.05%, Changzhou Tonghui Electronics
Co., Ltd., Changzhou, China). A barbell-shaped ionic gel sample was sandwiched between
two stainless steel electrodes for resistance measurement. The ionic conductivity was
calculated according to the following formula:

L

o :ﬂ (1)

where L is the electrode spacing, R is the ionic gel resistance, and A is the cross-sectional
area of the measurement section.

2.6.3. Finite Element Analysis of Stress—Strain Distribution

Based on the data obtained from the above measurements, the finite element analysis
was carried out using COMSOL6.3, and the finite element force analysis was carried out
on the individual microneedles and the microneedle array as a whole by establishing a
microneedle model. The material parameters were the measured Young’s modulus of
0.12 MPa, Poisson’s ratio of 0.35, etc.; the bottom was set as a fixed constraint, the axial
pressure of 1 MPa was applied at the needle end, and the microneedle stress—strain contour
diagram under different bottom radius states was plotted. Finally, the bottom radius of
the microneedle was determined by analysis to plot the stress—strain diagram of the entire
microneedle array under stress.

2.6.4. Sensing Performance Experiments

In the preliminary sensor preparation experiment, the five sensors developed can be
divided into three categories according to their functional characteristics, one of which was
glucose-specific sensors, including a coated glucose oxidase group and a glucose oxidase
embedded group. The second was a pH-specific sensor, including a polyaniline coating
group. The third was a glucose/pH dual-function sensor, including a polyaniline and
glucose oxidase co-coating group and a polyaniline-coated enzyme-containing microneedle
group. The classification system was based on the functional specificity of each sensor
and the composition of sensitive materials, in which the dual-function sensor achieved
multiple detection capabilities through the synergistic effect of polyaniline (pH response)
and glucose oxidase (glucose-specific catalysis). For this purpose, we prepared different
concentrations of glucose solutions and different pH solutions, including 1 g-L =1, 25 gL},
5g-L7!, and 10 g-L~! glucose solutions and pH buffers of pH 4, pH 5, pH 6, pH 6.86,
and pH 9.18. Samples were taken from each group of sensors, copper foil was pasted on
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both sides of the bottom, and the two ends were connected to the potentiostat (CH1600E,
Shanghai Chenhua Instrument Co., Ltd., Shanghai, China) to measure the current response
with the increase in voltage (0 V to 1 V) in different environments.

Glucose-specific sensor sensing performance measurement: 0.02 mL of glucose so-
lutions of different concentrations (increasing concentration) were dropped sequentially,
and the current change from the reaction process to the end of the reaction was measured.
pH-specific sensor sensing performance measurement: 0.02 mL of buffers of different pHs
(from acid to base) were applied sequentially, and the current change from the end of
the reaction process to the end of the reaction was also measured. Measurement of the
sensing performance of glucose/pH dual-function sensors: The current changes when the
above two environmental parameters changed were measured separately. To ensure the
dual-modal sensor’s performance under physiologically relevant conditions, we carefully
designed the experimental parameters based on the characteristic glucose concentration
and pH ranges of ISE. In addition to the original buffer solutions, we incorporated pH 7.2,
7.4, and 7.6 buffers to better represent the typical ISF pH environment (7.35-7.45), while
excluding the pH 9.18 buffer to prevent excessive oxidation of PANI by hydrogen peroxide
under alkaline conditions. For glucose testing, we prepared solutions with concentrations
of 0.5g L1, 12¢L71,1.5g L7}, and 2.0 g-L~! by diluting 1 g-L~! and 2.5 g-L.~! stock
glucose solutions with distilled water, covering the physiologically relevant ISF glucose
range to ensure comprehensive evaluation of sensor performance across clinically signifi-
cant concentrations. Then, in order to explore the changes of current and resistance of the
composite sensor in the composite environment, on the basis of the original connection to
the potentiostat, it was connected to the digital bridge sensor (TH2832 200 KHz accuracy
0.05%, Changzhou Tonghui Electronics Co., Ltd., Changzhou, China), and the bridge was
adjusted to DCR mode to measure the resistance, and for the composite materials, it was
measured to drop with different pH buffers in turn under the environment of 1 g-L~!
glucose concentration (from acid to base) and then 0.02 mL of different glucose concen-
trations (increasing concentration) were dropped in turn at pH 7.4, and the current peak
and resistance were measured. In addition, glucose-pH buffers (1:2, 1:1, 2:1) with different
mass ratios were used to measure these parameters at a concentration of 1 g-L =1 at pH 7.4.
In the application test, a voltage of 0.2 V was applied to a composite sensor coated with
GOD and PAN], a certain concentration of glucose solution was added to the SBF every 20
min, the current and resistance were measured, the glucose concentration and pH value
were calculated according to the sensing performance, and the corresponding values were
measured using a standard blood glucose meter (Yuwell580, Yuyue Medical Equipment
Co., Ltd., Suzhou, China) and pH test paper.

The sensitivity of the sensor to glucose concentration was calculated according to the
following formula:

()

The sum is the change in the peak value of the current (Alp) and the peak change in
resistance (ARp), as well as the change in the concentration of glucose (ACgs). Sensitivity to
pH was calculated according to the following formula:

Al AR,

S = orS =
ACpn

~ ACpH

)

Among them, ACpp. is the change in pH value.
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The detection limit (LOD) of the sensor was calculated according to the following formula:

5 5
LODgs = 3 and LODpy; = 3 (4)
Sgs pH

W

The sum is the standard deviation of blank samples (5) and the sensitivity to changes
in glucose concentration (Sgs), as well as the sensitivity to pH changes (Spp). The quantifi-
cation limit (LOQ) of the sensor was calculated according to the following formula:

106 105

LOQ,, = — and LOQ,y = —
8 7 Sy PR Son

(5)

3. Results and Discussion
3.1. Glucose/pH Dual-Modal Composite Sensor

The structure of skin tissue includes the stratum corneum, epidermis, dermis, and
subcutaneous tissue, among which nerve endings are mainly distributed in the junction area
between the dermis and subcutaneous tissue. In this study, a 1.6 mm height microneedle
array was used, and the penetration depth could accurately reach the interstitial fluid
(ISF)-rich area, effectively avoiding nerve stimulation, achieving painless or low-pain
detection [24,25]. In order to further improve the detection range and sensitivity, an
8 x 8 microneedle array was designed, which was equipped with a square substrate with
a height of 0.8 mm to enhance the mechanical support, and a groove structure (slightly
larger than the microneedle distribution area) was constructed on the periphery of the array;,
which was convenient for the accurate deposition of subsequent electrode materials [26-28].

For glucose sensors, the basic principle is to apply the electrochemical theory of
glucose oxidase. The catalytic reaction of glucose oxidase (GOD) is as follows: glu-
cose + O, —glucose acid lactone + HyO;. The generated hydrogen peroxide undergoes an
oxidation reaction on the electrode surface: HyO,—O, + 2H* + 2e™. The current generated
by electron transfer has a linear relationship with the glucose concentration. The reaction
between glucose and oxygen is catalyzed by glucose oxidase to produce hydrogen peroxide,
and the glucose concentration can be detected only by reading the current or resistance
change of the modified microneedle array and the corresponding value compared with
the glucose concentration value. In the case of pH sensors, the basic principle is the high
sensitivity of polyaniline (PANI) to the concentration of hydrogen ions in solution, and
the redox state of PANI changes with the change of pH. This process leads to a change
in the charge distribution of the PANI conjugate structure, which in turn causes regular
fluctuations in the resistance value. Glucose/pH sensors, on the other hand, integrate these
two materials into the sensor in different ways [29,30].

The overall experimental flow is shown in Figure 2a. The polyethylene glycol was
first dried to prevent the isocyanate (-NCO) from reacting with water to form urea (side
reaction), resulting in the consumption of the isocyanate group. The polycondensation of
IPDI and polyol, the reaction of isocyanate (-NCO) and the hydroxyl group (-OH) to form a
carbamate bond (-NHCOO-), the introduction of HEA and HQ to continue the catalytic
reaction while avoiding the self-polymerization of isocyanate to synthesize polyurethane
acrylate (PUA), the addition of ACMO and the cross-linking of acrylate groups in PUA to
form a three-dimensional network structure, the addition of ionic liquid plasticization, and
the addition of glucose oxidase in the process of stirring and mixing can obtain ionic gels
containing GOD [31]. Computer-controlled ultraviolet (UV) light selectively irradiates the
liquid layer according to the preset layered profile, which is between the ability of TPO to
decompose under the action of ultraviolet lamp to produce free radicals and trigger the
free radical polymerization of acrylate groups, so that the irradiated area can be quickly
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cured to form an ionic gel monolayer, and the printing platform descends layer by layer to
form a three-dimensional structure. Figure 2a also shows the entire process from coating
material to encapsulation of the two GOD/pH composite sensors, while for the working
electrode of the glucose-specific sensor, only the glucoenzyme solution needs to be applied
or the glucoenzyme-containing microneedles are directly encapsulated as the subsequent
steps in Figure 2a. For the working electrode of pH-specific sensors, only the polyaniline
solution needed to be coated and encapsulated. For the reference electrode of the sensor,
a layer of silver chloride paste was deposited in the groove of an ordinary microneedle
and then encapsulated. Figure 2b—g show the top view of the six microneedles under an
optical microscope. It can be seen that the deposition of the GOD-coated microneedle array
was not high, and only some of the microneedles were successfully modified (the yellow
part in Figure 2c is the GOD solution). The degree of microneedle array forming with GOD
was not as clear as that of ordinary microneedles. The PANI-coated microneedle array was
basically modified (the black part in Figure 2e is a polyaniline solution, which is in powder
form after drying). The coating effect of GOD solution was not obvious for the microneedle
arrays coated with PANI and GOD. On the other hand, the GOD microneedle array coated
with PANI can clearly show the yellow color of the bottom and the part not covered by
PANI, and the effect was more obvious. Figures S1 and S2 show the top view of the groove
after depositing the Ag/AgCl electrode and the top view under an optical microscope,
respectively. Figure S3 shows the working and reference electrodes prepared for each.

(a)
[EMIM][TFSI] ¥
OBTDL\\‘\ N
)\ ACMO~—

Printing Scanning

a‘4d 44 a4 aly adidg
M & — \‘g< LS platfm\m —-
.

Copper foil PANI+GOD EANE
adfedady 44
#

Copper foil PANI GOD containing Resin

material

Figure 2. Process preparation and optical microscopy diagram. (a) Preparation of glucose/pH
composite sensor process. (b) Microneedle top view. (¢) Coated GOD microneedle top view. (d) Top
view with GOD microneedles. (e) Top view of PANI-coated microneedles. (f) Top view of coated
GOD and PANI microneedles. (g) Top view of enzyme-containing microneedles coated with PANIL
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3.2. Ionic Gel Material Properties

The photosensitive system consists of acryloylmorpholine (ACMO), polyurethane
acrylate (PUA), ionic liquid ([EMIM][TFSI]), and photoinitiator (TPO), where PUA is a UV-
curing resin that acts as a chemical crosslinker. Figure 3a illustrates the synthesis process of
polyurethane acrylate (PUA). The microstructure of the ionic gel preparation is shown in
Figure 3b, where PUA acts as a chemical crosslinker mixed with ACMO, [EMIM][TFSI],
and TPO, and the photosensitive system undergoes photoinitiation polymerization under

UV illumination [32,33].
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Figure 3. Diagram of ionic gel microstructure and material properties. (a) The chemical structure
synthesis process of PUA; (b) microstructure of ionic gel preparation; (c) stress—strain curves of
ionogels from PEG-5 mmol to PEG-6 mmol; (d) stress—strain curves of ionogels from IL40% to IL80%;
(e) cyclic tensile curves of PEG-5 mmol under different strains (0-100%); (f) cyclic tensile curve of
PEG-5.5 mmol under different strains (0-100%); (g) IL40% cyclic tensile curve under different strains
(0-100%); (h) IL40% cyclic tensile curve under different strains (0-100%); (i) IL40% to IL80% ionic gel
conductivity; (j) FTIR spectra of ionic gels with different ionic liquid contents; (k) FTIR spectra of
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The photopolymerization reaction was carried out by the photosensitive system un-
der the irradiation of ultraviolet lamp. By configuring isophorone diisocyanate (IPDI),
polycaprolactone glycol (PCL), and polyethylene glycol (PEG) with different molar mass
ratios (11:1:8, 11:0.5:8, 11:0.5:7, 11:0.5:6, 11:0.5:5.5, 11:0.5:5), we determined the ionic gel
resins that were not prepolymerized and did not have obvious phase separation, and
the experimental results showed that the first three groups of gels had obvious phase
separation, as shown in Figure 54, and the mass ratio of the last three groups had a better
effect, as shown in Figure S5. After the three groups of ionic gels with different PUA to
ACMO mass ratios (1:2, 1:1, 2:1) were cured by an ultraviolet lamp, it was found that when
the mass ratio was 2:1, the obtained ionic gels had no obvious phase separation and were
colorless and transparent, and the hardness of the ionic gels with other mass ratios was
too high after curing. In order to further study the mechanical properties of the above
materials, we obtained the data as shown in Figure 3¢ through tensile property tests, in
which PEG-5.5mmol had the highest tensile strength of 4.19 MPa, and PEG-5mmol had
the highest elongation at break of 617%. The results demonstrated that the PEG-5.5mmol
formulation (11:0.5:5.5) exhibited the optimal tensile properties, which was critical for our
sensor application due to its requirement for higher tensile strength. PEG-5.5mmol ionic
gels were selected to add ionic liquids with different mass ratios. The ionic liquid acted
as a plasticizer to reduce the force of the polymer chain and enhance the flexibility of
the ionic gel, and it provided a certain electrical conductivity for the ionic gel due to the
high mobility of [TFSI] [34]. Figure 3d shows that with the increase in ionic liquid mass
fraction, the tensile strength of ionic gels decreased, and the tensile elongation at break
showed an overall downward trend, which rose slightly when the ionic liquid mass fraction
was 80%, and the maximum tensile strength of IL40% ionic gels was 0.56 MPa, with the
maximum elongation at break being 317%. Figure 3e-h show that the cyclic tensile curves
of PEG-5mmol, PEG-5.5mmol, IL40%, and IL50% gradually increased from 0% to 100%,
respectively. During the loading—unloading cycle, the IL40% and IL50% hysteresis was
significantly smaller, demonstrating that the ionic gels exhibited excellent elasticity and
stability due to the chemical cross-linking structure. In addition to considering the tensile
properties of ionic gels, we investigated the effects of different ionic liquid concentrations
on the conductivity of ionic gels. As shown in Figure 3i, with the increasing concentration
of ionic liquids, the conductivity of ionic gels continued to increase; this was because the
[TFSI]- ions in the ionic liquid [EMIM][TFSI] had a high mobility and formed hydrogen
bonds with the polar groups (such as C=0) in the PUA-ACMO network, promoting the
formation of ion transport channels. When the mass fraction of the ionic liquid increased
from 40% to 80%, the volume proportion of [TFSI]- ions increased, and the density of ion
migration paths increased, thereby significantly enhancing the electrical conductivity, and
the conductivity of IL40% ionic gels reached 0.012 S/m, which had a certain conductivity.
Taking into account both tensile performance and electrical conductivity, we ultimately
adopted an IL40% ionic gel resin for sensor fabrication and the light-curing printing of the
follow-up experiments.

The FTIR characterization of ionic gels with different ionic liquid concentrations is
shown in Figure 3j, where the absorption peaks at 1725 cm~! and 1640 cm ™! were attributed
to C=0 on the PUA and ACMO networks, respectively. As the ionic liquid content increased
from 40 wt.% to 80 wt.%, the two absorption peaks narrowed significantly and shifted to
a lower wavenumber, indicating that [TFSI]~ formed hydrogen bonds with C=0O bonds,
limiting the vibrational degrees of freedom and promoting the formation of cross-linking
networks. As shown in Figure 3k, the infrared characterization of the ionic gel based on
40% IL mixed with GOD with different mass ratios showed that the mixing of different
concentrations of GOD did not significantly change the position and width of the absorption
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peak, indicating that it did not have a chemical reaction with the ionic gel. but only indicated
the mixing [35,36].

3.3. Microneedle Array DLP Printing and Mechanical Simulation

Based on the mechanical properties of ionic gel substrate materials, the mechanical
simulation of the microneedle array model was carried out in the Solid Mechanics Mod-
ule [37]. The stress-radius curves and displacement-radius curves of a single microneedle
are shown in Figure 4a,b, and the results show that when the bottom radius of the mi-
croneedle increased, the tip stress decreased, and the deformation displacement of the
top and downward increased gradually. In view of the constraint that the height of the
microneedle was fixed at 1.6 mm, it is necessary to balance the contact stress at the top and
the deformation amplitude of the structure, so the microneedle with the bottom radius of
0.12 mm, 0.24 mm, and 0.36 mm was selected for comparative analysis. Figure 4c shows
the distribution of surface displacement in the same state, when the radius of the bottom of
the microneedle increased, the surface stress also tended to decrease and concentrate, but
the surface displacement decreased. Figure 4d shows the stress distribution of the three
types of microneedles, with the increase in the bottom radius of the microneedles, although
the stress peak decreased but the stress was more concentrated at the top. In practical
application, we paid more attention to the stress distribution and displacement distribution
of the microneedle, although there was still a gap between the Young’s modulus measured
by the tensile mechanical properties test and the actual value, but the solid mechanics
simulation analysis carried out by the COMSOLS6.3 also showed an intuitive result—when
the radius of the bottom of the microneedle is too small, the axial pressure generated by
the top may cause the surface displacement to exceed its own height and depression. In
summary, we chose the bottom radius of 0.24 mm of the microneedles for subsequent
DLP printing. Regarding the determination of microneedle spacing, according to Wang
et al., the penetration performance of microneedles is negatively correlated with the spac-
ing, and when the spacing exceeds 500 um, its influence on the penetration depth tends
to be flat [38]. Due to the influence of materials and other parameters, the microneedle
spacing was determined to be 800 pum, and the model was established based on the above
results, and the overall stress and displacement simulations were carried out, as shown in
Figure 4e f.

Before printing microneedle arrays and grooves, the printing parameters of the config-
ured ionic gel needed to be adjusted, and the main parameters that affected the printing
effect were the light time of each layer and the intensity of the printing time. The groove
needed to have a hollow structure model as a reference, and the model of the hollow small
rocket was selected as the model to adjust the printing parameters; because its layer thick-
ness was 50 pm and the number of slices was 50 layers, the printing time was about half an
hour, and the efficiency of adjusting the parameters was improved. From the experimental
results, it can be seen that when the light intensity and illumination time were large, the
model was unable to be hollowed out, and the bottom was still gel adhered and cured, with
the forming effect of reducing the light intensity and illumination time being poor. The
final printing effect was the hollow rocket model with a light intensity of 4 mW/cm? and
the rest of the light intensity of 3 mW/cm? and a illumination time of 5 s. A comparison of
hollow rockets with different parameters is shown in Figure S6. Figures S7 and S8 show
the microneedle model and groove model printed under this parameter [39].
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Figure 4. Stress—strain simulation analysis of the microneedle model. (a) Stress-radius curve at
the top of a single microneedle; (b) displacement-radius curve at the top of a single microneedle;
(c) distribution of microneedle surface displacement clouds with different radii and sizes; (d) distri-
bution of microneedle stress clouds with different radii and sizes; (e) the overall stress contour of the
microneedle array; (f) microneedle array overall displacement contour.

3.4. Sensing Performance Test Results

Figure 5a—c show the current curve of a sample with a single environmental test
capability at different glucose concentrations or pHs. In the electrochemical test of GOD-
coated microneedle samples, the peak current increased significantly when 1 g-L~! and
2.5 g-L.~! glucose solutions were added, and it decreased when the glucose concentration
increased to more than 5 g-L~!. This was due to the insufficient amount of enzyme in the
microneedles, which made them less sensitive to high concentrations of glucose or the
reaction would be complete. The microneedle samples containing GOD also had the most
obvious response to the glucose concentration of 1 g-L ™!, and the peak reduction was the
largest, but there was a significant rebound when the glucose concentration increased from
2.5 gL to 5 g-L 7!, which may have been related to the accumulation of intermediate
products in the enzymatic reaction or the inhibition of enzyme activity triggered by the
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high concentration of substrate. There was no obvious pattern to the current change in
the PANI-coated microneedle sample, but the current change occurred for different pH
buffers. The above experimental results showed that the microneedle samples coated with
GOD had the best current response in a single environment, while the microneedle samples
coated with PANI had poor sensing performance.
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Figure 5. Sensing performance of each sensor in a single environment. (a) The magnitude of the
current response of the GOD coating sample at different glucose concentrations. (b) The magnitude
of the current response of the GOD-containing sample at different glucose concentrations. (c) The
current response of PANI coating samples at different pH environments. (d) The change of the peak
current of each sample under different glucose concentrations. (e) The change in the peak current of
each sample at different pH environments. (f) The experimental operation demonstration.

The relationship between the peak current change and the concentration and pH of
glucose solution in a single environment was further studied. To ensure the accuracy of ex-
perimental results and data, we performed triplicate measurements for each sample under
varying concentrations and pH conditions. The data were further analyzed through curve
fitting and error bars to visually represent the preliminary wide-range sensing performance.
Figure 5d visually shows the relationship between the change of the peak current and
the concentration of the glucose solution. Experimental data show that the GOD-coated
microneedles exhibited a significant linear response within the glucose concentration range
of 1-5 g-L_1 (with a slope of 2.45 pA-mM~1.cm~2), which is in line with the kinetics of
the Michaelis enzymatic reaction—when the glucose concentration was lower than the
enzyme saturation concentration, the reaction rate (i.e., the current) was proportional to
the substrate concentration. When the concentration exceeded 5 g-1.~!, the enzyme active
center became saturated, and the current growth slowed down or even decreased. The
GOD-coated microneedle samples exhibited good linearity at glucose concentrations of
1g-L~'to5g-L~!, with a linear response characteristic of 2.45 uA-mM~!-cm 2 and a linear
range of 1 g-L.7! to 5 g-L~!. The microneedle samples containing GOD had high current
sensitivity but a poor linear relationship, which cannot be used as a reference for sensing
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results. However, the current sensitivity of the composite microneedles to glucose changes
in the single glucose environment was low, which may have been due to the current devia-
tion caused by the mutual interference of the two composites, but the current peak change
of the microneedle samples coated with GOD and PANI had a monotonically increasing
relationship with the glucose concentration, and the linear relationship was better than that
of the enzyme-containing microneedles coated with PANL Figure 5e shows the current peak
change versus pH. The GOD microneedle-containing samples coated with PANI had good
linearity in the peak change of current in the acidic environment. The current change of the
microneedle samples coated with PANI and GOD was basically linear with pH in the acidic
environment. There was no obvious pattern between the current change value and pH of
the PANI-coated microneedle sample, which may have been due to the inhomogeneity of
the PANI-doped state or the irreversibility of protonation/deprotonation [40]. Both types
of composite microneedles had high sensitivity in a single pH change environment. The
above experimental results show that only the peak current change of the GOD-coated
microneedle sample had a linear correspondence with the glucose concentration in the
low-concentration environment, while the glucose concentration in the normal human
interstitial fluid was generally about 1 g-1.~!, and the glucose concentration increase after
meals is generally about 1.5 g-L~!, while the glucose concentration in uncontrolled dia-
betics will rise to 2 g-L ™! to 5 g-L !, so the microneedle sample basically met the function
of measuring glucose concentration [41]. However, it is difficult to determine the pH and
glucose concentration of the environment by a single parameter change, and the sensitivity
was low, with the linearity of the microneedle samples coated with GOD and PANI be-
ing relatively better than that of the enzyme-containing microneedles coated with PANI.
Based on the fact that the pH variation in human interstitial fluid is relatively limited, the
data obtained under single glucose concentration changes more closely approximate the
complex physiological environment. Therefore, based on the aforementioned research, we
selected the microneedle samples coated with GOD and PANI, which demonstrated better
linearity and sensitivity under these conditions, for further investigation. The experimental
operation demonstrations are shown in Figure 5f.

We measured the current peak and resistance values at the same time in a composite
sample coated with GOD and PANI at a pH-stable environment with glucose concentration
and pH at a stable glucose concentration, respectively. The relationship between the peak
current and the peak resistance and pH at a glucose concentration of 1 g-L~! is shown
in Figure 6a, where the peak resistance decreased with the increase in pH, and the pH
value in this environment can be measured according to the corresponding resistance
value, with its linear response characteristics shown in the sensitivity of 0.136 Q/pH-cm?
in an acidic environment, 0.422 Q) / pH~cm2 in an alkaline environment, and with the linear
range being pH 4 to pH 7.6. For pH sensing, the resistance change rate of PANI-coated
micrneedles in an alkaline environment was significantly higher than that in an acidic
environment, which is related to the protonation equilibrium constant (pKa ~ 4.5) of PANI
at different pH values. Under alkaline conditions, proton dissociation was more thorough,
resulting in a more significant change in the charge distribution of the conjugated structure.
Figure 6b shows that the peak current change and glucose concentration in the pH 7.4
environment had a good linearity with the glucose concentration, indicating that the acidic
environment may optimize the GOD activity and stabilize the PANI conductivity state,
and the glucose concentration value in this environment can be measured according to
the corresponding current change value, with the linear response characteristic of the
sensor being 0.284 uA-mM~!.cm~2 with a linear range of 0.5 g-L~! to 10 g-L~!. However,
when the glucose concentration and pH of the environment changed at the same time,
after several measurements, we found that the applied voltage of 0.2 V had the best linear
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response to glucose concentration and pH, and the effects of pH 7 £ 1 on the current
and the resistance of glucose concentration in the range of 0.5 g-L~! to 2.5 g-L~! were
small (50 nA). The relationship between the current value and the glucose concentration
and the resistance value and pH at 0.2 V is shown in Figure 6¢. By analyzing the signal
responses in the complex environment, it was found that when the glucose concentration
was within the range of 0.5-2.5 g-L~! and the pH was within the range of 6.86-7.6, the
cross-interference rate of the two parameters was less than +20%. This rule stems from the
electrochemical window separation of the two sensing mechanisms—the optimal potential
of glucose oxidation (0.4-0.6V) and the pH response potential of PANI (—0.2-0.2V) formed
the minimum overlapping area at 0.2V, thereby achieving signal decoupling. Furthermore,
the high ionic conductivity (0.012 S/m) of the ionic gel substrate provided an independent
transmission path for the two-parameter signal, further reducing cross-interference. The
response current decreased linearly with the increase in glucose concentration, and the
linear response characteristics of the sensor were 0.288 pA-mM~!.cm~2, with a linear
range of 0.5 g-L.~! to 10 g-L~!. The signal crosstalk effect was less affected by 0.5 g-L !
to 2.5 g-L.~1. The linear response characteristics of the resistance decreased linearly with
the increase in pH, and the linear response characteristics were 0.135 Q/pH-cm? in an
acidic environment and 0.155 Q)/pH-cm? in an alkaline environment, with the linear range
being pH 4 to pH 7.6, and the range of signal crosstalk was less at pH 6.86 to pH 7.6.
The microneedle was tested in distilled water (0 g/L glucose, pH 7) with 10 replicate
measurements of current and resistance, yielding standard deviations of 40 nA and 3 m(),
respectively, for the blank samples. Based on these measurements, the detection limit (LOD)
and quantification limit (LOQ) for glucose sensing were calculated as 0.416 mM-cm? and
1.389 mM-cm?, while the LOD and LOQ for pH detection under acidic conditions were
determined to be 0.067 pH-cm? and 0.222 pH-cm?, and those under alkaline conditions were
0.058 pH-cm? and 0.193 pH-cm?. This confirms that our bimodal sensor exhibited minimal
parameter interference in neutral pH environments and at low glucose concentrations,
providing more accurate measurements for both glucose concentration and pH value,
which were closer to the true values. Unlike traditional bimodal sensors designed to
avoid pH-induced inaccuracies in glucose measurement, our sensor aims to accurately and
simultaneously measure glucose concentration and pH, offering a more comprehensive
and precise assessment of metabolic status. Moreover, the measured ranges fell within
the typical glucose concentration and pH levels of human interstitial fluid, demonstrating
significant potential for applications in biomedical instrumentation requiring accurate
dual-parameter monitoring. The bimodal sensor demonstrated a relatively high sensitivity
in glucose monitoring. Compared with the high-density silicon microneedle array patch
developed by Muamer Dervisevic’s team (with a sensitivity of 0.1622 pA-mM~!.cm™2),
it showed better sensitivity. Although its sensitivity is lower than that of the glucose
sensor based on nanomaterials developed by Rafiq Ahmad’s team (which reaches up to
108.15 pA-mM~!.cm~2), the low-cost flexible materials it uses provide innovative ideas for
preparation and application [24,42]. In terms of pH measurement sensitivity, the bimodal
sensor was lower than the patch-type sensor studied by Mick Iversen’s team (with a
sensitivity of 7.3 QO /pH-cm?) [43]. However, it has the ability to simultaneously measure
two parameters, namely, glucose and pH, and its preparation process and materials are
simpler. In order to verify the effect of the mass ratio of glucose solution to pH buffer in the
composite environment on the experimental results, we took 1 g-L~! glucose solution and
pH 4 (the mixture of pH 7.4 buffer solution and 1 g-L~! glucose solution at different mass
ratios showed no significant change trend) buffered with different mass ratios to continue
to measure the above parameters. The results are shown in Figure 6d. When the mass
ratio was close to 1:1, the current peak change and resistance peak value were larger, and
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the sensitivity was the best, which may be related to the ionic strength balance and the
improvement of interfacial wettability. This provides a synergistic optimization direction
for multi-parameter sensing designs [44].
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Figure 6. Sensing performance of coated GOD and PANI samples in a composite environment.
(a) The change of the peak current and the peak resistance of 1 g-L~! glucose concentration with pH.
(b) The change of the peak current and the peak resistance of the resistance in a pH 7.4 environment
with glucose concentration. (c) When the voltage was 0.2 V, the current and resistance changed with
glucose concentration and pH value, respectively. (d) The change in the peak current and the peak
resistance under different mass ratios of glucose solutions to pH buffers. (e¢) Comparison of the
measured values of the sensor with a standard commercial blood glucose meter in SBF. (f) Comparison
of the measured values of the sensor and pH test paper in SBE.

In order to further study its application, we placed the sensor in artificial interstitial
fluid (SBF) and applied a constant voltage of 0.2 V, added a small amount of glucose solution
5 g~L_1) to SBF at intervals (20 min), simulated the scene of glucose concentration rising
after meals, measured its current and resistance, and calculated its glucose concentration
and pH value from the previously obtained data. At the same time, glucose concentration
was measured using a commercially standard blood glucose meter, and pH value was
measured with pH test paper. The results are shown in Figures 6e and 6f, respectively, and
it can be seen that the accuracy and linearity of glucose concentration measurement were
good within 2 h, which is basically the same as that of commercial standard blood glucose
meters, but the data was completely distorted due to the enzyme reaction in about 2 h.
The pH value was basically stable in the range of 7.1 to 7.4 and changed linearly, and the
various ions present in SBF may affect the resistance change and produce certain errors.

4. Conclusions

In this study;, a flexible microneedle patch with integrated glucose and pH detection
functions was developed based on light-curing printing technology, which realized the
simultaneous monitoring of multiple parameters in complex physiological environments
and solved the problems of high-precision preparation of complex microstructures and
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poor mechanical properties of materials. However, there are still limitations: while finite
element analysis provided theoretical insights into microneedle mechanics, real penetration
performance on skin-like materials remains unvalidated. Additionally, morphological
changes of microneedles before and after use, as well as the impact of structural damage
on sensing performance, have not been experimentally characterized. Other existing issues
include low measurement accuracy, limited measurement range, and time constraints. Com-
pared with the traditional preparation methods of microneedle lithography and casting,
the one-time molding technology of light-curing printing greatly reduces the preparation
cost and complexity. By adjusting the ratio of the photosensitive system, the ionic gels
with good mechanical strength (0.56 MPa), breaking strain (317%), and ionic conductivity
(0.12 mS/cm) were fabricated, and five samples were printed with good topology and
modified for electrochemical measurements. In the single glucose environment, the cur-
rent peak change of the microneedles coated with glucose showed a good linearity to
the glucose concentration, and the sensitivity of the glucose concentration below 5 g-L !
was 0.2 pA-mM~!-em~2. When a voltage of 0.2 V was applied to the sensor in the com-
bined environment of glucose and pH, the current of the sample coated with polyaniline
and glucose oxidase had a linear relationship with glucose, and the resistance had a lin-
ear relationship with the pH in both acidic and alkaline environments, and it decreased
monotonically; the mutual anti-interference ability of the two parameters was strong in a
certain range under this voltage: the sensitivity of 0.5 g-L~1-2.5 g-L~! to glucose concen-
tration was 0.288 pA-mM~!.cm~2, which had a high sensitivity to alkaline environments
(0.155 QO /pH-cm?) and low sensitivity to acidic environments (0.135 Q/pH-cm?), with an ef-
fective range of pH 6-pH 8. Based on the development of flexible photosensitive resins and
the high-precision and high-integration manufacturing approach provided by light-curing
technology, multi-modal flexible sensors will develop in the direction of multi-functional in-
tegration, self-energy supply, and biocompatibility in the field of wearable health detection
in the future. Future work will focus on conducting penetration tests on skin-mimicking
phantoms (e.g., hydrogels with mechanical properties matching human skin) and using
SEM to characterize microneedle morphology evolution, thereby establishing correlations
between structural integrity and sensor performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/s25175358 /s1. Figure S1. Top view of the groove after depositing
the Ag/AgCl electrode. Figure S2. Top view of the groove where the Ag/AgCl electrode was
deposited at 100x magnification under an optical microscope. Figure S3. The working electrode
and reference electrode of the sensor prepared for each sample. (a) Reference electrode; (b) working
electrodes of enzyme-containing microneedle sensors; (c) coated with the working electrode of the
GED enzyme microneedle sensor; (d) coated with polyaniline microneedle sensor working electrode;
(e) coated with polyaniline-containing enzyme microneedle sensor working electrode; (f) coated with
GED enzyme and polyaniline microneedle sensor working electrodes. Figure S4. Ionic gels with
obvious phase separation (IPDI:PCL:PEG = 11:1:8, 11:0.5:8, 11:0.5:7). Figure S5. Ionic gels without
phase separation (IPDI:PCL:PEG = 11:0.5:6, 11:0.5:5.5, 11:0.5:5). Figure S6. Comparison of hollow
rocket models with different parameters. (a) Finished model with light intensity of 8 mW/ em 2 and
time of 12 s. (b) Finished model with light intensity of 8 mW/ cm 2 and time of 10 s. (c) Finished
product of the model under the parameters of light intensity of 8 mW/ cm ™2 and time of 6 s. (a)
Finished product of the model under the parameters of light intensity of 8 mW/cm~2 and time of
4 s. (d) The finished model under the parameters of light intensity 6 mW/ cm~2 and time 6 s. ()
The finished product of the model with a light intensity of 4 mW /cm~2 and a time of 6 s. Figure S7.
Actual drawing of the microneedle model. Figure S8. Actual drawing of the groove model.
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