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ABSTRACT: Microneedle sensors represent a genuine approach
to continuous health monitoring with minimally invasive access to
skin interstitial fluid. However, their clinical deployment is hindered
by complex fabrication and functionalization processes that com-
promise reproducibility and scalability. Truly, recent advancements
in additive manufacturing have diminished certain obstacles; yet,
single-modality techniques continue to encounter a significant

trade-off between attaining high resolution and including electro- RE pillar i' PH pillar

chemical functionality. Accordingly, we introduce herein a novel

modular hollow microneedle (HMN) architecture that separates insertion mechanics from ion sensing functionality. This new strategy
synergistically integrates two complementary 3D printing modalities: high-resolution masked stereolithography (MSLA) to produce a
robust, HMN shell, and fused filament fabrication (FFF) to fabricate a conductive pillar electrode to be modified with the ion-sensing
role. The modularity of the sensor allows the pillar electrode to be functionalized prior to seamless assembly, protecting the sensing
layer and ensuring robust and consistent potentiometric performance while addressing former drawbacks of the involved fabrication
method: MSLA offers high-resolution hollow structures but is deficient in conductivity, whereas FFF facilitates conductive printing but
suffers from restricted resolution. As a proof of concept, we have developed a potentiometric pH-HMN sensor that demonstrates
excellent analytical performance, including a near-Nernstian response of —55.35 + 0.54 mV/pH, high repeatability (RSD =
0.61%), reproducibility (RSD = 1.16%), and stability (0.37 mV/h) during in vitro testing. A complete sensing architecture comprising
a single 3D-printed patch with two HMN to house both the pH sensing pillar electrode and a reference pillar electrode has demon-
strated high accuracy in ex vivo tests using rat skin samples, showing a mean absolute difference of less than 0.0S pH units compared to
a commercial pH electrode. The developed modular platform streamlines manufacturing, enabling the rapid, low-cost, and scalable
production of reliable microneedle sensors, paving the way for their widespread use to other ions and analytes as well as future testing
in live subjects.
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H INTRODUCTION

The advancement of wearable sensors that detect biomarkers in
interstitial fluid (ISF) is revolutionizing personalized healthcare.
Thus, microneedle (MN) sensors have evolved as a prominent
technology due to their capacity to access ISF in a minimally
invasive way, with ISF serving as a reservoir of biomarkers that
reflect the composition of blood plasma.' Engineered to be 150
to 1500 pm in length, these devices painlessly penetrate the
skin’s outer layers to provide a blood-free method for continu-
ous analysis,” maximizing patient comfort and compliance in

and (ii) the integrated sensing properties needed for accurate
monitoring, remains a significant manufacturing challenge.

To date, MN fabrication has mainly relied on techniques
adapted from microelectronics and medical device manufactur-
ing.° While precise, these methods present significant limita-
tions. On one hand, for solid MNs, polymer-based methods
like micro-injection molding and hot embossing are cost-
effective for mass production but suffer from low design flexibil-
ity. Any design modification requires fabricating an expensive,
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clinical and wearable health applications.> Importantly, the util-
ity of this approach extends beyond healthcare, finding applica-
tions in areas such as sports monitoring and smart agriculture,
where MN sensors are being adapted as “plant wearables”.”*
Nonetheless, the fabrication of MNs that simultaneously pos-
sess (i) the high resolution required for reliable skin penetration
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new master mold, which fundamentally obstructs rapid proto-
typing. Similarly, silicon-based approaches involve complex
cleanroom processes and brittle materials,®” while metal fabri-
cation is often slow and wasteful.>* On the other hand, the fab-
rication of hollow MNs faces similar hurdles, where traditional
methods, such as computer numerical control micromachining
and drawing lithography, are limited by slow processing speeds
and inability to create complex internal geometries.'”'* The
described drawbacks illustrate the importance of more versatile
and efficient fabrication technologies and strategies. As a result,
additive manufacturing (3D printing) has emerged as a transforma-
tive solution,'® offering unparalleled geometric freedom and rapid
prototyping without the high costs of mold-based manufacturing.

Although 3D printing excels at producing MN architectures,
fabricating that physical structure constitutes only half the chal-
lenge towards a MN-based sensor. Thus, converting the printed
inert structure into a functional electrochemical sensor intro-
duces a critical bottleneck where most current designs, includ-
ing monolithic 3D-printed approaches, still fail. This
bottleneck is particularly evident in potentiometry, where 3D-
printed microneedle sensors remain scarce due to the funda-
mental challenge of establishing a reliable, compatible conduc-
tive transducer on inert printed polymers. To overcome this
inertness, whether for specific potentiometric designs or more
broadly across electrochemical applications, the most common
fabrication strategy involves modifying the external surface of
solid MNs by sputtering a conductive layer followed by coating
the active sensing layer (e.g., electrodeposited polyaniline).'®"”
However, this multi-step approach compromises the reproduc-
ibility and leaves the delicate sensing layer vulnerable to
mechanical delamination during skin insertion. To protect the
sensing element, alternative strategies have employed hollow
MNs (HMNs) for ISF extraction connected to an external flat
sensor.'® Despite this physically shields the sensor, it fails to
achieve true real-time monitoring of dynamic physiological fluc-
tuations. Other proposals includes the direct functionalization
of the inner lumen of a HMN with conductive paste and other
sensing materials, offering hence a solution for continuous and
dynamic monitoring at the cost of fabrication complexity and
the risk of sensing layer detaching.'”*® While some recent
approaches have attempted to integrate separate, pre-modified
metal micro-electrodes into the HMN lumen, these approaches
require additional fixation and sealing steps.”’ Such manual
assembly processes are ill-suited for automation and present a
major barrier to large-scale, reproducible manufacturing.

We herein propose a novel modular design comprising a 3D
printing strategy that decouples the sensing element from the
HMN structure. Thus, the approach synergistically combines
two distinct 3D printing modalities. First, a HMN shell serving
as the mechanical support and skin interface is fabricated using
MSLA printing with high-resolution (lateral resolution of ca.
50 pm), aiming at providing the required sharpness for the
microneedle. Second, the active ion-sensing component is
incorporated into a conductive pillar electrode that is printed
via FFF, with a conductive carbon black-polylactic acid
(CB-PLA) composite as the substrate. This modularity allows
the ion-selective electrode to be easily prepared and assembled
into the protective HMN shell, eliminating complex manual
functionalization steps. Using pH as a model analyte, we further
integrate both the working and reference electrodes needed for
potentiometric measurements in a single 3D printed patch com-
prising two HMNs structures. The fabrication of the reference
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electrode also follows the modular approach. The resulting sen-
sor patch demonstrates robust analytical performance and fur-
thermore ex vivo validation revealed high accuracy and
reliability in conditioned rat skin samples. Overall, the devel-
oped manufacturing pathway enables the rapid, low-cost, and
scalable production of reliable and reproducible microneedle
ion sensors, a critical step toward advancing diagnostics and
personalized health management.

Bl EXPERIMENTAL SECTION
Fabrication of the pH Hollow Microneedle (pH HMN) Patch

The patch to detect pH consisted of a 3D-printed structure with two
HMN housings to accommodate two pillar electrodes: a pH indicator
electrode (or working electrode, WE) and reference electrode (RE).
Figure 1 summarizes the entire fabrication process. The HMN hous-
ings (Figure la) and corresponding pillars (Figure 1b) were designed
in Autodesk Fusion 360. The HMN housings and the patch holder
were printed by vat photopolymerization on a Prusa SLIS using
Clear Micro-fluidics Resin V7.0a, with a 25 pm layer height. Base layers
were exposed for 25 s, and subsequent layers for 3.5 s, followed by iso-
propanol washing in a Prusa CW1S and post-curing in a Professional
CureZone for 3 min at default power. These printing and post-
processing conditions were adapted from our previous work.>*
Conductive pillars were printed by fused filament fabrication (FFF)
on an Original Prusa XL, with a 0.25 mm nozzle and using conductive
PLA filament, with 0.10 mm layer height, 210 °C nozzle temperature,
and 60 °C bed temperature.

To fabricate the pH-sensing pillar, S layers (2 pL for each layer) of
H™ selective membrane (HSM) cocktail was coated on the surface of
the tip part of the pillar and let the solvent dry completely before
applying the next layer. The prepared pH pillar electrodes were condi-
tioned in 1 mM HCI solution overnight before use. The RE pillar was
prepared by firstly coating a thin layer of commercially available Ag/
AgCl paste and drying in the oven at 60 °C for 1 hour. Afterward, 5
layers (2 pL for each layer) of reference membrane (RM) was coated
on the surface of the pillar Ag/AgCl electrode. The obtained RE pillar
was conditioned in 3 M KCI for over two days before use. The modi-
fication processes are illustrated in Figure lc. The detailed composi-
tions for the HSM and RM are provided in the Supporting
Information.

B RESULTS AND DISCUSSION

This work implements a wearable skin patch for potentiometric
pH detection based on a modular HMN approach following
this workflow: (i) separate optimization and printing of the
HMN shell by high-resolution MSLA and the conductive
CB-PLA pillar by FFF; (ii) modular assembly of the patch
accompanied by in vitro potentiometric benchmarking to dem-
onstrate stable, reproducible, and reversible responses; and (iii)
ex vivo validation on conditioned rat skin to confirm calibration
transfer and transdermal operation, supporting the strategy’s
scalability and applicability to other electrochemical sensors.

Optimization of the Design for HMNs and Pillar Electrodes

The final dimensions of the HMN (Figure 1a) and the pillar
electrode (Figure 1b) resulted from a balance between the tech-
nical constraints imposed by the 3D printing resolution and the
functional requirements of a microneedle device for intradermal
measurements. The designed HMN has a tip length of 1.2 mm,
tip angle of 45.3° and base diameter of 1 mm, with fillet radius
of 0.2 mm. These dimensions were selected to provide suffi-
cient space for the subsequent internal pillar electrode assembly

https://doi.org/10.1021/acssensors.6c01291
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Figure 1. Fabrication workflow and design specifications of the pH HMN patch. The manufacturing process combines Masked Stereolithography
(MSLA) 3D printing for the resin patch structure and fused filament fabrication (FFF) for the conductive carbon-black PLA (CB-PLA) pillars.
(a) MSLA printed HMN patch. (b) FFF printed pillars. (c) Functionalization of the electrodes: the pillar is modified with the H* selective membrane
(HSM) or it undergoes Ag/AgCl dip-coating followed by reference membrane (RM) casting for the indicator (WE) and reference electrode (RE),
respectively. (d) Cross-sectional internal structure and fully assembling of single (only pH MN) and dual-pillar (pH and RE MNs) sensor patch.

(Figure 1d), while ensuring reliable insertion into the skin
(reaching the ISF, >500 pm in depth), sufficient mechanical
robustness, and minimizing insertion pain. As confirmed by micro-
scopic and macroscopic imaging (Figure 1a,d and Figure S1), the
printed HMN has a tip diameter <30 pm, tip angle of ca. 46°,
tip curvature radius of 46 pm, length of 997 um and base diameter
of 1100 pm, dimensions within the requirements to ensure a
smooth skin penetration and patient comfort.>

The mechanical properties of the printed HMN were evalu-
ated by compression testing using an Instron mechanical tester.
As shown in Figure S2, the force-displacement curve demon-
strated the HMN’s response under axial load. The measured
fracture force was 1.26 # 0.07 N, which is higher than the force
generally required to penetrate the stratum corneum
(0.08—0.88 N).>* This indicates that the HMNs possess suffi-
cient mechanical strength for skin insertion without risk of frac-
ture. The stiffness of the HMN, calculated from the force-
displacement curve, was 17.95 + 0.33 kN/m, confirming the
robust mechanical performance necessary for reliable and effec-
tive skin penetration.

As the sensing element is embedded inside the microneedle,
two lateral holes (200 um in diameter) and an internal chamber
were introduced in the HMN design to allow solution access
and increase the effective exposure area of the pillar electrode,
thereby facilitating diffusion toward its surface (Figure la and
Figure S3). Moreover, to optimize pillar electrode insertion,
three different chamber designs were evaluated. Designs and
dimensions are shown in Figure S3 and Table S1. Thus, three
chamber geometries were compared for smooth pillar insertion
without damaging either the electrodes or the HMN as well as for
efficient solution diffusion to the pillar, which was assessed by
cyclic voltammetry (CV) experiments in ferrocene methanol solu-
tion (Figure S4). The third design (see Figure S3) satisfied both
criteria and was therefore selected for subsequent experiments.

The pillar electrode comprises a conductive CB-PLA core
and insulating PLA sleeve (Figure 1b). The tip is a rectangular
cuboid (0.40- or 0.25-mm width and length, 1.6 mm height).
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Owing to FFF layer-thickness limits, the 0.25 mm variant was
printed entirely in conductive CB-PLA. After fixing the HMN
housing in the third chamber design, we optimized the pillar
(see Table S2 for the design and printing parameters) to fit
the internal chamber efficiently. Pillar design #1, printed with
the standard resolution, seated mechanically but showed poor
electrolyte access in the assembled HMN, as indicated by the
CV in 1 mM ferrocene methanol with 0.1 M KCI
(Figure S4c). Reducing the size of the printed pillar tip (design
#2) enabled smooth insertion and produced well-defined redox
peaks (Figure S4d), with no visible damage to either part.
Accordingly, this design was selected for subsequent experi-
ments. Specifically, the pillar electrode has a width of 318 +
26 pm (Figure Slc), that is 27% larger than the designed
dimension (250 pm), due to the extrusion and expanding of fil-
ament on the printing bed during the FFF process.
Advantageously, this deviation is common and was considered
in the overall design of the HMN, with the inner cylindrical
chamber providing enough space to accommodate it.
Figure S1d—f shows real and microscopic images of HMNs
assembled with modified pillar electrodes, namely, pillar pH
electrode and the pillar RE.

Evaluation of Structural Features and Analytical
Performance of the pH Pillar

The composition of the unmodified pillars was characterized by
X-ray diffraction (XRD), while scanning electron microscopy
(SEM) was used to examine the surface morphology of both
the unmodified pillars and the pH pillars. These studies are
important because the FFF printing process and subsequent
handling can affect the microstructure and surface properties
of the conductive CB-PLA composite, which may in turn influ-
ence electrode performance.”*

The phase composition of the pillar electrodes was investi-
gated by XRD, with the resulting pattern presented in
Figure SS. The diffractogram displayed a broad amorphous halo
centered at approximately 20 = 16.4°, which is characteristic of

https://doi.org/10.1021/acssensors.6c01291
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the amorphous nature of the PLA matrix. A subtle shoulder is
also visible at 20 ~ 21°, which is a known feature of PLA’s
amorphous structure. The presence of carbon black (CB) was
confirmed by a distinct, albeit low-intensity, diffraction peak at
20 = 43°. This peak corresponds to the (100) crystallographic
plane of the graphitic structure within the CB. The most intense
diffraction peak for CB, i.e., the (002) plane typically expected
to appear between 20 = 24—26°,° was not be clearly resolved.
This could be because this peak is obscured by the broad, over-
lapping amorphous halo from the PLA matrix.”® This overlap
indicates that the CB is well-dispersed within the polymer
matrix even after the printing process, which can benefit the
electron transfer in the CB-PLA composite transducer and thus
contribute to the good electrochemical performance of the fab-
ricated sensors. Furthermore, the good dispersion of CB in PLA
was confirmed by SEM images, as discussed in the following
section.

The morphology of the pillar electrode was investigated
using SEM and the results are shown in Figure S6. The images
revealed a rough surface composed of CB granules embedded
within the PLA matrix. This roughness provides a high effective
surface area, which should increase the interfacial double-layer
capacitance and thus promotes a stable, low-noise potential
response.”’ Furthermore, it is known that the THF solvent used
in the membrane cocktail partially dissolves the PLA matrix:*®
This effect, combined with the inherent roughness, is expected
to enhance the physical adhesion between the transducer and
the ion-selective membrane. Notably, an improved contact is
desired to minimize the formation of an aqueous layer at the
transducer-membrane interface, ultimately helping achieve ade-
quate long-term operational stability of the electrode.

The surface of the modified pH pillar exhibited elliptical

porous structures (Figure S7), characterized by a width of

1.07 + 0.11 pm and a length of 1.94 + 0.33 pm for the pore.
This morphology is a direct result of the porous polyurethane
(PU) utilized in the H" selective membrane. While these pores
increase the surface area and provide abundant accessible sites
for the ion-exchange equilibrium, the primary advantage of
selecting a PU matrix over classical PVC for this wearable sen-
sor lies in its superior structural and mechanical adaptability.
Furthermore, PU exhibits excellent adhesion to the substrate,
alongside established bio- and hemocompatibility, which are
critical parameters for epidermal and in vivo applications.*’

The thickness of the ion-selective membrane was systemati-
cally optimized to balance kinetic response and sensor repro-
ducibility. Bare pillar electrodes were coated with 1, 3, 5, and
7 layers of the H* selective membrane cocktail. As shown in
Figure S8, while thinner membranes (1 and 3 layers) yielded
poor inter-electrode reproducibility, increasing the thickness
to 7 layers resulted in a sluggish average response time (22.3 +
6.4 s) and physical dimensional constraints during final assembly.
The S-layer configuration was identified as the optimal balance,
demonstrating excellent inter-electrode reproducibility with
tightly clustered potentiometric traces and a rapid response time
(15.1 + 2.3 s). By comparing the dimensions of the unmodified
and S-layer coated pillar electrodes from the obtained SEM
images, the final thickness of this optimal H* selective membrane
was estimated to be 121.66 + 5.48 pm.

Because PU possesses protonatable urethane groups that can
theoretically induce pH cross-sensitivity, a control experiment
was performed to isolate the background influence of the poly-
mer matrix. An ionophore-free membrane (formulated with
identical mass ratios of the PU matrix, plasticizer, and cation
exchanger) was evaluated alongside the H™ selective membrane.
As depicted in Figure 2a, the ionophore-free PU matrix dis-
played a negligible potentiometric response across the relevant

a) Polymer matrix influence

b) Linear range of response

c) Four pH pillar electrodes
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Figure 2. (a) Evaluation of polymer matrix influence. Potentiometric dynamic response of the H' selective membrane compared to an ionophore-free
control. (b) Potentiometric calibration curve of the pH pillar electrodes from pH 12 to 2. (c) Dynamic response of four pH pillars (E1—E4) towards
different pHs. (d) Calibrations obtained with the four pH pillars before assembling and after disassembling into/from 3D printed hollow microneedles.
(e) Nyquist plot from EIS for the unmodified pillar electrode. (f) Nyquist plot from EIS for the pH pillar electrode. EIS spectra were recorded in 0.1 M
NaCl at the respective open-circuit potential (OCP), over a frequency range of 10 kHz to 0.1 Hz and using a 10-mV sinusoidal amplitude.
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physiological pH range (8.0 to 6.0), in contrast to the ideal
Nernstian stepping of the H* selective membrane. This con-
firms that the intrinsic basicity of the PU matrix does not intro-
duce cross-sensitivity or interfere with the primary pH response
of the sensor.

To evaluate the operational limits of the pH pillar electrode,
potentiometric calibrations were extended across a wide range
from pH 2 to 12 (Figure 2b). The pH pillars demonstrated a
highly linear (R* = 0.9971), near-Nernstian response of
—54.36 + 0.44 mV/pH between pH 4 and 10. Outside of this
optimal window, potentiometric response deviations were
observed. At highly acidic levels (pH < 4), the sub-Nernstian
response is attributed to co-ion interference compromising
membrane permselectivity. Conversely, at highly alkaline limits
(pH > 10), the deviation occurs because the primary ion con-
centration approaches the detection limit, leaving the phase-
boundary potential susceptible to interference from background
cations. Because the intended application targets physiological
monitoring, the practical testing range was set to pH 6 to 8
for all subsequent experiments.

Within the targeted physiological window, the analytical per-
formance of the pH pillar was evaluated by calibrating four indi-
vidual pillars. As shown in Figure 2c, the four electrodes
exhibited a near-Nernstian response with a slope of —55.05 +
0.13 mV/pH. High reproducibility was demonstrated, with rel-
ative standard deviations (RSDs) of 0.25% for the slope and
0.30% for the calibration intercept considering the average cali-
bration graph of the four electrodes. To assess the robustness of
the design, the pillars were calibrated before being assembled
into the HMN and after disassembly from the HMNs.
Advantageously, the calibration parameters showed a relative
deviation of less than 3% (Figure 2d), confirming that the
assembly process does not compromise electrode performance
at all.

Also, the correct functioning of the conductive CB-PLA com-
posite as the solid-contact transducer was investigated.
Electrochemical impedance spectroscopic (EIS) experiments
were performed on unmodified and modified pillar electrodes
to study the capacitance, charge transfer kinetics, and ion diffu-
sion, which govern the stability and response of the electrode.
EIS of unmodified pillar electrodes revealed highly capacitive
behavior (Figure 2e). The Nyquist plot showed a characteristic
near-90° capacitive line extending to low frequencies, which sig-
nifies efficient charge transfer at the CB-PLA/solution interface.
Furthermore, the impedance data was modeled using the equiv-
alent circuit shown in the inset of Figure 2e. From this fit, the
solution resistance (R,) was determined to be 1.54 + 0.07
kQ, and the double-layer capacitance (Cy) was 9.60 + 0.18
nF. The area-specific capacitance was calculated to be 185
nF/cm? (see Table S3 with all the fitting parameters). As shown
in our previous work, the low capacitance values seemed suffi-
cient for a good-enough ion-to-electron transduction and
acceptable potential drift for the target application.*

The impedance response of the pillar electrode modified
with the H" selective membrane is shown in Figure 2f. The
Nyquist plot features a depressed semicircle at high frequencies
(10 kHz to SO Hz) followed by a distinct 45° Warburg tail at
lower frequencies (S0 Hz to 0.1 Hz). This shape is characteris-
tic of a porous electrode where reaction kinetics is limited by
diffusion.>" The EIS spectrum was fitted to the equivalent cir-
cuit model show as an inset in Figure 2f. It consisted of a solu-
tion resistance (R,) in series with a parallel combination of two
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branches: a constant phase element (CPE) and a branch con-
taining the charge transfer resistance (R,) in series with a
Warburg element (Z,). The CPE represents the non-ideal
capacitance due to the surface roughness of CB-PLA previously
confirmed by SEM (Figure S6), while Zw accounts for diffusion
through the membrane. The fitting results (Table S4) yielded
values of R, = 3.70 + 027 kQ and R, = 120 + 0.15 MQ.

The interfacial capacitance calculated from the CPE was
148 + 1.0 nF, with the high relative standard deviation
(~68%). This variance is attributed to the physical inhomoge-
neity of the electrode surface, which does not act as an ideal
capacitor but rather presents a distribution of local time con-
stants.>* This non-ideal behavior is quantified by the CPE expo-
nent value (1), which ranged from 0.60 to 0.72. As an n value of
1 represents an ideal capacitor, these low values confirm a sig-
nificant deviation and a wide distribution of time constants aris-
ing from the surface roughness of the electrode, consistent with
SEM observations. The prominent Warburg tail observed at low
frequencies indicates that a diffusion-controlled process signifi-
cantly affects the electrode response®” and, given the porous
PU membrane structure, this is most plausibly associated with
ion diffusion within the membrane.

Investigation of the Analytical Performance of the pH HMN

The pH HMN sensor’s performance was assessed based on sev-
eral key metrics: repeatability, reproducibility, reversibility, sta-
bility, accuracy, and operational lifetime. The corresponding
experiments were conducted in a two-electrode configuration,
utilizing the pH HMN as the indicator electrode and a commer-
cially available double-junction Ag/AgCl electrode as the refer-
ence electrode. All the calibrations were performed in 0.1 M
phosphate buffer solutions of varying pH values.

As illustrated in Figure 3a for a representative dynamic trace,
the pH HMNs exhibited a rapid and stable potentiometric
response to step changes in pH, achieving an average response
time (ty5) of 4.7 s. The average sensitivity of three pH HMNs
was —55.35 + 0.54 mV/pH, a value close to the theoretical
Nernstian slope for monovalent ions. The pH HMN showed
a highly linear response (R* of 0.9992) within the pH range
from 6.0 to 8.0, which covers both physiological and patholog-
ical relevant conditions.” Then, the repeatability of the pH
HMNs was assessed through three consecutive calibration
cycles performed on a single pH HMN. The resulting slope
and intercept (Figure 3b) were —55.96 + 0.34 mV/pH and
448.42 + 3.54 mV, respectively. The low RSDs for both param-
eters (0.61% and 0.79%, respectively) confirm the high preci-
sion of the developed pH HMN in repeated measurements.

Reproducibility of the pH HMN was assessed by calibrating
six equally fabricated pH HMNs (Figure 3c). Notably, intra-
batch performance was evaluated using three pillar pH elec-
trodes fabricated within the same batch, while inter-batch repro-
ducibility was assessed using three electrodes prepared in two
separate batches, referring to the printing beds for pillars. To
ensure consistency, all pillar electrodes were assembled with
HMNs from a single production batch. The average slope and
intercept for all six pH HMNs were —55.57 + 0.64 mV/pH
and 446.76 + 5.48 mV, corresponding to RSDs of 1.16% and
1.28%. The intra-batch RSDs for the slope and intercept were
0.98% and 1.08%, while the inter-batch values were similarly
low (1.20% and 1.23%). These results demonstrate that the fab-
rication method yields highly reproducible sensors, ensuring
consistent performance both within and across batches.
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Figure 3. Evaluation of the analytical performance of the pH HMN. (a) Dynamic response of the pH HMN towards pH changes. (b) Average cal-
ibration graph from the repeatability study (n = 3). (c) Reproducibility study of pH HMNs (1 = 6). (d) Dynamic response from the reversibility test
by increasing the solution pH following the sequence of 8.0, 7.5, 7.0, 6.5, 6.0. and backwards for four times. (e) Long term stability test at pH 7.5 for
24 hours. (f) In vitro validation of the accuracy of the pH HMN using commercial pH standard buffers. (g) Potentiometric dynamic response and
corresponding calibration curves of the pH HMN evaluated before and after repeated insertions into ex vivo rat skin sample. (h) Effect of physiolog-
ical temperature on the potentiometric response of the pH HMN, comparing calibration curves obtained at 22 °C and 34 °C. (i) Water layer test for
pH HMN by separate solution approach, A: 1 mM HCI, B: 0.1 M NaCl. (j) Lifetime test for the pH HMN (n = 3) in terms of sensitivity. (k) Lifetime
test for the pH HMN (n = 3) in terms of intercept.
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The reversibility was evaluated by sequentially immersing the
pH HMN in buffer solutions following the order of pH 8.0 —
7.5 = 7.0 = 6.5 — 6.0, and then the reverse direction. This
process was repeated for two cycles. As shown in Figure 3d,
the potentiometric response exhibited minimal hysteresis
between the forward and backward pH sweeps. The stability
of the reading at each pH point was excellent regardless of
the response cycle, with the standard deviation of the potential
being typically within 1 mV and never exceeding 1.7 mV. To
further quantify this, calibration curves were generated for the
forward and backward cycles, yielding highly consistent slopes
and intercepts with RSDs of 1.85% and 1.63%, respectively.
This high degree of reversibility confirms the reliability of the
developed pH HMN for accurately monitoring dynamic envi-
ronments with fluctuating pH.

The operational stability of the pH HMN was evaluated to
assess its suitability for continuous, long-term monitoring.
First, the potentiometric response was monitored under physi-
ological conditions, pH 7.5, for 24 hours. The profile is pro-
vided in Figure 3e. The pH HMN demonstrated excellent
stability, with a minimal potential drift of only 0.37 =+
0.11 mV/h (n = 3). Such a drift will translate into a pH variance
of ca, 0.006 pH units/h, which is rather adequate for clinical
usage minimizing inherit errors of the developed technology.
Importantly, the highly stable potential response during long-
term measurements can likely be attributed to adequate interfa-
cial capacitance, and good interfacial adhesion between the
CB-PLA and the H™ selective membrane, as above discussed.
To further confirm appropriate robustness across its working
range, the stability was tested at both low (pH 6.0) and high
(pH 8.0) pH conditions for ca. 2.5-hour periods (see
Figure S9). In both scenarios, the pH HMN maintained a highly
stable response, with potential drift remaining below 0.9 mV/h.

Given the complex ionic composition of the target biological
matrix, the selectivity of the pH HMN against common physio-
logical interfering ions was systematically evaluated. The selec-
tivity coeflicients were determined using the separate solution
method.* As detailed in Table S5, the pH HMNs exhibited high
selectivity for HY, yielding average logarithmic selectivity coeffi-
cients (n = 3) of —5.87 + 0.08, —5.49 + 0.09, —5.67 + 0.14, and
—10.71 + 0.44 for K*, Na*, Ca®*, and Mg**, respectively.

The accuracy of the fabricated pH HMN was in vitro vali-
dated using commercial pH standard buffer solutions (pH
6.00, 7.00, and 8.00, with an uncertain of + 0.01 pH unit) that
were analyzed with three pH HMNs. Following a primary cali-
bration, each pH HMN was immersed in the respective stan-
dard buffer, and the EMF was recorded over several minutes
(as illustrated in Figure S10). The corresponding pH values
were then determined using the previously established calibra-
tion curve. The results, summarized in Table S6, demonstrated
the high reproducibility of the pH HMNs, with the standard
deviation for all measurements remaining lower than 0.08 pH
units. Furthermore, the accuracy of the sensors was revealed
as excellent, as observed in an average absolute difference of less
than 0.06 pH units when compared the MN-based measure-
ments to the certified values of the standard buffers. A correla-
tion plot of the measured pH vs the standard buffer pH is
presented in Figure 3f, generating a Pearson’s correlation coef-
ficient of 0.9968.

To further evaluate the operational stability of the pH HMN
following direct and repeated exposure to the complex tissue
matrix, calibrations were performed before and after sequential
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ex vivo skin insertions. As depicted in Figure 3g, the pH HMN
exhibited negligible deviation in its analytical performance after
1,3, 5, and up to 10 consecutive tissue penetrations. The sensor
maintained a highly consistent near-Nernstian slope of —56.78 +
0.39 mV/pH alongside a stable standard potential (470 +
1.72 mV) across all testing cycles. This robust retention of cali-
bration parameters confirms that the protective HMN shell and
the internal pillar electrode successfully preserve their functional
integrity upon exposure to the biological matrix and are not
mechanically compromised by repeated tissue penetrations.

Given that the intended application scenario for the pro-
posed HMN is epidermal monitoring, the effect of physiological
skin temperature on the potentiometric response was evaluated.
Calibrations of pH HMN were performed at both a controlled
room temperature (22 °C) and an average skin temperature
(34 °C). As illustrated in Figure 3h, elevating the temperature
to 34 °C induced the change in the analytical performance of
pH HMN, increasing the sensitivity from —57.43 mV/pH to
—62.54 mV/pH, alongside a shift in the standard potential.
To ensure high analytical accuracy during continuous in vivo
or on-body measurements, the application of temperature-
matched calibration profiles or dynamic thermal compensation
is recommended.

Furthermore, to verify the stability of the solid-contact inter-
face, a water layer test was conducted (Figure 3i). Initially, the
electrode potential stabilized rapidly in a 1 mM HCI solution.
Upon transfer to an unbuffered 0.1 M NaCl background solu-
tion, the potential exhibited a sharp negative shift due to the
drastic decrease in primary H* activity. A minor, gradual down-
ward potential drift observed within this NaCl phase is attrib-
uted to the transient equilibration of the outer phase
boundary, as trace H* slowly diffuses from the previously satu-
rated membrane surface into the H* deficient bulk solution.
Crucially, when the electrode was reintroduced into the primary
1 mM HCI solution, the potential exhibited a rapid, precise
recovery to its original baseline without the slow, continuous
upward drift characteristic of a trapped aqueous layer. This swift
and stable return confirms the absence of a detrimental water
layer at the inner CB-PLA/membrane interface, validating the
composite as a reliable solid-state transducer.

To assess the operational lifetime of the pH HMN, periodic
calibrations were conducted over a 60-day period after its fabri-
cation. The calibrations were performed frequently during the
initial month (every 2—3 days) and approximately every five
days thereafter. Throughout this extended testing duration,
the pH HMN demonstrated remarkable stability. The sensitiv-
ity remained highly consistent at —55.11 + 1.01 mV/pH
(Figure 3j). Similarly, the standard potential (E°), or intercept,
was stable at 454.20 + 11.65 mV (Figure 3k). The correspond-
ing RSD:s for the sensitivity and intercept were calculated to be
1.84% and 2.57%. These low values signify minimal signal drift
over two months. This exceptional lifetime is likely attributed to
the strong adhesion of the sensing membrane onto the CB-PLA
pillar®® but also, the innovative design of the sensing HMN,
protecting the membrane core without any analytical limitation.
Besides, it suggests the negligible leaching of membrane compo-
nents and absence of deterioration of the solid-contact trans-
ducer under the specified testing and storage conditions.***°
The long lifetime, coupled with the previously demonstrated
24-h stability, will enable long-term, uninterrupted monitoring,
reducing the need for frequent sensor replacements in real con-
text measurements.
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To contextualize these results, the analytical performance
and integration strategy of the proposed modular pH HMN
were compared against recent state-of-the-art microneedle pH
sensors (Table S7). While exhibiting highly competitive analyt-
ical metrics, the primary advantage of the modular microneedle
sensor architecture lies in overcoming the fabrication bottle-
necks, such as manual paste-filling and fragile surface coatings,
common in existing approaches.

Evaluation of the Performance of the RE Pillar and
Corresponding RE HMN

Following the modification of the pillar electrodes, the mor-
phology and elemental composition of both the Ag/AgCl-mod-
ified pillar and the subsequent RM-coated Ag/AgCl pillar were
investigated using SEM and EDX. As depicted in Figure S11,
the characterization of the Ag/AgCl coated pillar electrode
reveals a composite structure where AgCl particles are homoge-
neously embedded within the silver sheets matrix. This intimate
distribution is crucial for the electrochemical stability of the
electrode. The thickness of the Ag/AgCl layer was estimated
to be approximately 87.84 + 4.93 pm. Figure S12 presents the
morphological and elemental analysis of the final pillar RE,
where the Ag/AgCl layer is coated with the PVB membrane.
The SEM images clearly showed that the PVB membrane pos-
sesses a smoother and more compact surface morphology com-
pared to the porous PU surface of the pH pillar (Figure S7).
The thickness of the PVB layer was estimated to be

approximately 45.15 + 2.88 pm. With a width of 583.63 +
5.75 pm, the pillar RE is narrower than the inner diameter of
the HMN, which facilitates its insertion without causing any
damage. EDX analysis confirmed the presence of crystalline
NaCl particles embedded within the PVB matrix. These NaCl
particles were introduced during the preparation of the RM
cocktail, which functions as a CI™ reservoir to maintain a satu-
rated concentration and thus generating a stable Ag/AgCl redox
potential over extended operational periods.>®

The analytical performance of the RE HMN was systemati-
cally evaluated, focusing on its operational stability and
response to common potential interferents. Thus, key aspects,
including the influence of CI7, light, pH, and solution redox
potential, were assessed. The long-term stability was assessed
by the continuously monitoring of the EMF in a pH 7.5 buffer
for over 24 hours, using a double junction Ag/AgCl electrode as
the reference electrode in the experiment. As observed in
Figure 4a, the electrode demonstrated adequate stability, exhi-
biting a negligible potential drift of only 0.22 + 0.07 mV/h
(n = 3). For context in pH sensing, this corresponds to a mea-
surement variation of just 0.0027 pH units/hour.

Beyond temporal baseline stability, the reliability of the RE
HMN in varying sample matrices was evaluated by testing its
response to fluctuating external Cl concentrations. While a
large external concentration gradient could theoretically pro-
mote internal NaCl leaching, the PVB polymer matrix acts as
a kinetic diffusion barrier. To demonstrate this, the RE HMN
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Figure 4. Evaluation of the performance of the RE HMN. (a) Long-term stability at pH 7.5 over 24 hours. (b) Dynamic potentiometric responses of
the PVB/Ag/AgCl RE HMN and the Ag/AgCl HMN towards increasing concentrations (1077, 1075, 107>, 10~%, 107>, 1072, and 10™'M) of KCL
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response. (f) Comparison of the calibrations of the pH HMN against a commercial Ag/AgCl reference electrode (COMM RE) and RE HMN as the
reference electrode.
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was exposed to step-wise changes in external CI~ concentration
ranging from 1077 M to 107! M. As shown in Figure 4b, while a
bare Ag/AgCl control exhibited severe potential shifts in
response to the changing chloride levels, the PVB/Ag/AgCl
RE HMN maintained a highly stable response with a maximum
deviation of only 1.91 mV. This confirms the ability of the RE
HMN to provide a robust, sample-independent potential.

Furthermore, the RE HMN performance under illumination
and dark conditions was investigated. The electrode was sub-
jected to repeated 40-minute light/dark cycles using a SW
LED lamp over a 22-hour period. The entire response is shown
in Figure S13, with an expanded view of the first 2 hours being
provided in Figure 4c. As observed, no significant potential fluc-
tuations correlated with the light/dark cycles were observed.
Although a baseline drift of 0.57 mV/h was noted during this
extended measurement, the lack of correlation with illumination
suggests this is attributable to the intrinsic long-term drift of the
electrode rather than a direct photoelectric effect.

The influence of pH on the electrode’s potential was studied
by immersing the RE HMN in a series of buffer solutions with
varying pH values. As presented in Figure 4d, the EMF
remained remarkably constant across the tested pH range
(6.0—8.0). The standard deviation of the potential across all
buffers was 0.33 mV, corresponding to an RSD of 0.67%. This
demonstrates that the RE HMN potential is independent of
the sample solution pH. Also, the resilience to changes in solu-
tion redox potential was evaluated. The RE HMN was
immersed in solutions containing different concentration ratios
of the Fe®t/Fe?t redox couple. The results in Figure 4e
revealed nearly identical potential responses regardless of the
solution, with a standard deviation of 0.23 mV (RSD =
0.26%), pointed out that the RE HMN is not susceptible to
interference from redox-active species in the sample.*®

Finally, the comparison of calibrations of the pH HMN using
either a commercial double-junction Ag/AgCl reference elec-
trode or the RE HMN was conducted (Figure 4f). The two cal-
ibration curves exhibited nearly identical sensitivity, with a
relative deviation of only 1.04%. However, the calibration inter-
cept obtained with the RE HMN shifted upward by approxi-
mately 14 mV, variation that is commonly observed in
custom-made reference electrode.>”>® In essence, the shift can
be attributed to the distinct composition and structure of the
RE HMN compared to the commercial option, introducing
additional phase boundary potentials at the various interfaces: >
the PVB membrane and the sample solution interface, the PVB
membrane and the CB-PLA transducer layer interface, and the
contact potential between the CB-PLA pillar and the Ag/AgCl
ink. Importantly, this intercept shift does not compromise the
practical application of the pH HMN and RE HMN system.
In real-world use, the pH HMN is calibrated and used in con-
junction with the RE HMN, ensuring that any offset is
accounted for in the calibration. If the RE HMN demonstrates
sufficient stability, the analytical performance of the pH HMN
can be reliably maintained.

Evaluation of the Analytical Performance of the pH HMN
Patch Containing the RE HMN

A key technological outcome in this work is the fabrication of
an integrated microneedle patch using MSLA 3D printing to
house the WE and RE pillars, as illustrated in Figure Sa,b. An
inter-needle distance of 3 mm was selected to ensure the effec-
tive establishment of the potentiometric cell while minimizing
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Figure S. The entire pH HMN patch: illustration and evaluation of
the analytical performance. (a) Design of the HMN patch. (b) Real
picture of the pH HMN patch connected to the reader circuit.
(c) Potentiometric dynamic response of the pH HMN patch towards
pH changes in the sample solution. (d) Repeatability study (n = 3).
(e) Reproducibility study (n = 4). (f) Reversibility test.

size and providing enough space for the electrical connections.
Moreover, this compact arrangement creates a smaller sensing
loop that improves noise rejection, thereby resulting in a highly
stable potential difference and a more reliable sensor reading.””
Furthermore, this facilitates skin penetration with minimal epi-
dermal deformation.”” Advantageously, the architecture of the
patch is inherently adaptable due to the flexibility provided by
the 3D printing, allowing for straightforward expansion into
multi-electrode arrays for the simultaneous detection of a panel
of key physiological analytes. Although multi-analyte detection
was not investigated in this work, it represents a clear future
direction for the herein developed modular approach.

As realized in the representative calibration plot depicted in
Figure Sc, the pH HMN patch exhibited a linear and stable
potentiometric response across the tested pH range. The slope
of the calibration curve was —53.32 mV/pH, a near-Nernstian
sensitivity. The repeatability of a single pH HMN patch was
assessed through three consecutive calibrations. The patch
showed appropriate response, yielding a highly consistent sensi-
tivity of —53.86 + 0.39 mV/pH and an intercept of 445.94 +
4.11 mV (Figure Sd). The corresponding RSDs for the slope
(0.72%) and intercept (0.92%) were rather low, confirming
minimal signal change during repeated use. To evaluate repro-
ducibility, four independently (but equally) fabricated patches
were calibrated. The results (Figure Se) revealed remarkable
inter-patch consistency: The average sensitivity was —54.65 =+
0.58 mV/pH (RSD = 1.06%), and the average intercept was
449.08 + 3.78 mV (RSD = 0.84%). Significantly low RSDs
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across different devices underscore the reliability of the fabrica-
tion process. Finally, the reversibility was tested by subjecting a
patch to dynamic, alternating changes between different pH
buffer solutions. The sensor responded promptly and returned
to a stable potential at each pH level (Figure 5f), with the cal-
ibration data (Figure S14) showing acceptable RSDs for the
slope (3.06%) and intercept (2.66%). Overall, the results
pointed out that the pH HMN patch can reliably track both
increasing and decreasing pH changes.

To validate the analytical accuracy of the pH HMN patch in
a physiologically relevant matrix, ex vivo pH measurements were
performed on conditioned rat skin samples. Skin pieces were
individually conditioned for 48 hours in buffer solutions of vary-
ing pH values (6.50, 7.00, 7.50, and 8.00) to ensure thorough
proton diffusion and establish a stable pH within the tissue.
Prior to testing with the pH HMN patch, the pH inside each
conditioned skin sample was determined using a commercial
Biotrode miniaturized pH electrode, providing a benchmark
for accuracy determination. In parallel, each pH HMN patch
was individually calibrated to establish the calibration parame-
ters (i.e., sensitivity and intercept). Each calibrated patch was
inserted into a skin sample (real picture in Figure S1Sa) for
detection of intradermal pH. Importantly, a visual inspection
(Figure S15b) was performed to confirm the proper insertion
of the pH HMN patch into the rat skin sample. To ensure pre-
cise and objective measurements, the potentiometric signal was
recorded continuously for 5 minutes to allow the phase bound-
ary to fully equilibrate within the complex biological matrix.
The final stable response was quantitatively defined as the aver-
age EMF recorded over the final 10 seconds of this measure-
ment window. This averaged signal was then utilized to
calculate the skin’s pH via the corresponding calibration, as
illustrated in Figure 6a. To validate mechanical robustness and
measurement consistency, this measurement cycle was repeated
in triplicate (three consecutive insertions) for each patch, utiliz-
ing three distinct patches per skin sample.

The ex vivo skin sample measurement results are summarized
in Table 1, demonstrating excellent agreement between the
HMN patches and the commercial reference electrode (0.01
pH unit resolution). As noted, the standard deviation across
consecutive insertion cycles using the same patch remained
consistently below 0.09 pH units, highlighting the high preci-
sion and mechanical reliability of the modular design.
Crucially, the mean absolute difference between the HMN

Table 1. Results from Different Rat Skin Samples Analyzed
with the Commercial pH Electrode (Labeled as Skin pH in
the Table) and Various pH HMN Patches”

Skin pH Patch #1 ~ Patch #2  Patch #3  Avg + SD  Diff. %
7.52+0.01 7.50+£0.04 7.49+0.03 743 +£0.07 747+0.03 0.05
7.01+£0.01 7.05+0.02 6.96+0.09 7.01+£0.02 7.00+0.05 0.01
6.52+0.01 6.58 +£0.03 6.60+0.07 6.56 +0.04 6.58+0.02 0.06
6.09 +0.01 6.13+£0.06 6.13+0.07 6.14+£0.06 6.13+0.00 0.04

“Avg + SD corresponds to the average for each skin pH considering
replicates (n = 3 consecutive insertion cycles) performed with each
patch. Diff. % refers to the difference between the skin pH and the
average pH measured for each skin sample.

arrays and the commercial sensor was less than 0.05 pH units,
yielding a maximum relative error of only 0.8%. This strong
agreement was statistically confirmed in the correlation plot
(Figure 6b), obtaining a Pearson’s coefficient of 0.9980 and a
coefficient of determination (R?) of 0.9961. Furthermore, the
regression slope of 0.9283 and intercept of 04996 are close to
the ideal values of 1 and 0, respectively, confirming the high degree
of accuracy. Overall, these results show that the pH HMN patch is
highly accurate for reliable ex vivo pH measurements.

B CONCLUSIONS

We have developed a modular hollow microneedle (HMN)-
based platform that effectively decouples the electrochemical
sensing functionality from the mechanical skin penetration
requirement of microneedle sensors dedicated to transdermal
measurements. By combining high-resolution MSLA printing
for the structural HMN shell with FFF printing for the conduc-
tive CB-PLA pillar electrode, we overcome the trade-offs inher-
ent in single-modality 3D printing. As a proof-of-concept, the
resulting pH HMN demonstrated exceptional analytical perfor-
mance, including a near-Nernstian sensitivity, high reproducibil-
ity, and long-term stability. The automation inherent in this
process minimizes manual sensor modifications, thereby
enhancing reproducibility and ensuring high consistency across
sensor batches. Furthermore, ex vivo validation using rat skin
samples confirmed the sensor’s clinical potential, achieving high
accuracy compared to commercial electrodes. This modular

a) Ex vivo measurements

b) Pearson’s correlation

160 5.5
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Figure 6. Ex vivo validation of the pH HMN patch using conditioned rat skin samples. (a) Calibration of the pH HMN patch and the responses
observed in four samples. (b) Pearson’s correlation plot of the skin pH measured with the commercial pH electrode and the herein developed

pH HMN patch.
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strategy not only streamlines the fabrication of reliable potenti-
ometric sensors but also provides a scalable and customizable
framework for the multiplexed detection of various ions and
analytes in personalized health monitoring. Accordingly, we will
demonstrate the utility for on body measurements in a near
future, considering statistically significant number of tests and
validated observations.

B ASSOCIATED CONTENT
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