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ARTICLE INFO ABSTRACT

Keywords: Current methods to detect biomarkers often involve lengthy turnaround times due to the need for blood
Swellable microneedles extraction and subsequent laboratory analysis. Microneedles (MNs) offer a minimally invasive solution to access
ISF

the interstitial fluid (ISF); however, they are limited by challenges such as hazardous material synthesis, insertion
techniques, small ISF volumes (2-5 pL), and lengthy extraction time. This study presents a novel swellable MN
patch combined with a biosensing platform to enable on-site glucose detection through an optimized applicator-
assisted insertion method. The highly efficient MN patch extracts up to 7.06 + 0.44 pL of ISF in 5 min without the
typical post-processing instruments such as vacuum or suction. The extracted ISF is applied to the modified
electrodes, which detect the target biomarker (glucose) with high sensitivity (9.68 pA mM ~! cm ~2) and a low
detection limit (0.08 mM) under optimized conditions. In addition to effectively recovering glucose molecules,
the MN patch demonstrates enhanced efficiency and penetration depth, with a critical correlation established
between the volume of extracted ISF and the glucose recovery rate, as validated through comprehensive in-vitro
and ex-vivo tests. This MN-based biosensing approach could offer a viable alternative to traditional blood tests,

Skin applicator
Biomarker detection
Electrochemical biosensor
Glucose detection

glucometers, finger-prick methods, or continuous monitoring devices.

1. Introduction

ISF extraction using MNs has gained significant attention in recent
years as an alternative to traditional methods for detecting a wide range
of biomarkers or analytes, including glucose, for diabetes management.
The human body holds more than three times the amount of ISF
compared to blood, with 83 % of serum proteins commonly found in ISF,
but 50 % of ISF proteins are unique and not found in blood, making it a
convenient route for identifying both common and unique biomarkers
[1-3]. Therefore, theoretically, it can be assumed that nearly all analytes
present in the blood are also found in ISF, which is further supported by
studies suggesting that 99 % of blood proteins are detectable via ISF
[4-7]. While blood tests remain the gold standard for diagnostics, they
require medical expertise and are invasive. In contrast, ISF extraction
using MNs is minimally invasive as it accesses ISF near the skin’s surface
without requiring deep penetration into the skin tissue, alleviating the
needle phobia and avoiding the clotting concerns typically associated
with blood draws [2,5].

Although the development of MNs for ISF extraction and biosensing
has progressed rapidly, several challenges remain. One of the most
critical hurdles is ensuring the extraction of sufficient volumes of ISF
(>5 pL) consistently and rapidly (>5 min). While fast extraction of ISF is
attempted, the success of MN-based ISF extraction largely depends on
the swelling capacity of the MN materials, their mechanical strength,
and the insertion efficiency. Optimizing these factors is necessary to
ensure reliable skin penetration and maximum ISF uptake. Compared to
other MN types (e.g., solid and hollow), swellable MNs offer the
advantage of absorbing ISF directly upon insertion, simplifying the
extraction process. Various materials have been explored to improve the
performance of swellable MNs; however, they often involve complex
synthesis processes, extended extraction times, additional post-insertion
methods (e.g., vacuum or negative pressure) or limited by sampling
volumes [4,8-20].

This study introduces a novel synthesis-free, applicator-assisted
spiral MN patch to rapidly extract ISF and direct on-site glucose detec-
tion using an electrochemical biosensor. The spiral design of the MN is
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chosen for its ability to provide enhanced interlocking capabilities,
ensuring that the MNs remain securely inserted in the skin during ISF
extraction. MNs are developed from gelatin/PVA with varying concen-
trations of osmolyte (maltose) and powered by super absorbent polymer
(SAP) for rapid swelling. The maltose incorporated into the MN for-
mulations creates a strong osmotic gradient that helps to draw ISF into
the MNs, while the SAP ensures that the MNs swell quickly without
compromising their structural integrity.

To facilitate the insertion of the MNs, a custom-designed applicator
system is developed based on our previous study [21,22], which can
apply a controlled velocity of 4.5 m s™! and vibration of 100 Hz to
enhance penetration through the skin. To validate the insertion methods
and capabilities of the MNs, a series of in-vitro and ex-vivo tests are
conducted using artificial ISF (alISF) or ISF. Three different MN insertion
methods (e.g.,, manual pressed, applicator-assisted, and
vibration-assisted) are tested and compared based on ISF uptake,
insertion efficiency, depth and recovery, aiming to identify the most
effective technique for maximizing ISF extraction. Using the applicator
system makes the insertion process standardized, reducing variability
associated with manual techniques and minimizing user errors.

In addition, the study also proposes an electrochemical biosensor
based on the screen-printed electrodes (SPEs) capable of detecting
glucose levels directly from the extracted aISF. The optimized bio-
sensor’s ability to detect glucose at various concentrations is validated
using chronoamperometry, and its selectivity is tested in the presence of
common interferents. The SPEs are modified with Prussian blue (PB) as a
mediator and glucose oxidase (GOyx) as the enzyme responsible for
catalyzing glucose oxidation. Single-walled carbon nanotubes
(SWCNTs) and Nafion were incorporated to improve enzyme immobi-
lization, electron transfer, and selectivity.

This study bridges the gap between the need for efficient ISF
extraction and on-site glucose detection by introducing a novel MN-
based sensing platform that leverages osmolyte-driven fluid uptake
and electrochemical sensing technology. Through the extraction of ISF
using advanced swellable hydrogels and applicator-assisted engineering
techniques, this MN platform develops a user-friendly and minimally
invasive approach with the possibility of extending beyond diabetes
management to include the detection of other biomarkers in ISF (Fig. 1).
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2. Results and discussion
2.1. Fabrication and morphology of the spiral MNs

MNs were designed in a spiral shape with tapered tips to provide
interlocking capabilities which come from the number of vertices (or
turns) in the spiral that create greater resistance during retraction due to
increased friction, adhesion, and mechanical entanglement with the
tissue matrix (Fig. S1). The CAD design of the MNs had a height of 1000
pm with a base diameter of 300 pm to ensure minimally invasive
insertion and sufficient extraction of ISF from the skin [7,23]. The dis-
tance between the needle tip-to-tips was designed to be 700 pym to
reduce needle compactness, which could impact insertion ability [23,
24]. The base thickness of the patch was set to 1500 pm.

For printing, the CAD file was converted to STL file format and
printed using a microArch® S240 ultra-high-resolution 3D printer
(Boston Microfabrication, MA, USA) on a biocompatible high-
performance silicone castable resin (High-Temperature Liquid, HTL)
with a tensile strength of 79.3 MPa, a heat deflection temperature (HDT)
of 114 °C, and a glass transition temperature (Tg) of 172 °C. Projection
Micro Stereolithography (PpuSL) technique was used for printing the MNs
by projecting a focused light beam onto the photosensitive resin, which
underwent polymeric crosslinking and solidification following exposure
to light. This layer-by-layer approach built the entire spiral structure
with a resolution of 2 pm, which was then used to create PDMS negative
molds using the micro-molding technique. For replication, the molds
were filled with the prepared solution and dried for 36 h at room tem-
perature to form the swellable MN patches (Fig. 2a). For simplicity, each
MN patch is denoted as MN-MalX, where ‘MN’ is the combination of
gelatin/PVA (6/4, w/v), ‘Mal’ refers to added maltose, and ‘X’ indicates
the maltose concentration (e.g., MN-MalO has no maltose, MN-Mal3 has
3 %, w/v, and MN-Mal5 has 5 %, w/v). The detailed geometry of the
MNs and the 3D printing process is shown in Fig. S2.

High-resolution SEM imaging was used to capture the fine spiral
structure, uniform spacing and sharp tips of the MNs (Fig. 2b). Although
PuSL offers high-fidelity printing between the CAD design and the pro-
duced 3D object, printing the MN patch resulted in dimensional de-
viations from the original CAD file. For example, the actual height of the
MNs was less than the initial design. The longitudinal shrinkages from
the original design (1000 pm) for MN-MalO, MN-Mal3, and MN-Mal5
were ~31.62 %, ~32.52 %, and ~32.24 %, respectively (Fig. 2c). The
shrinkage difference between the swellable MNs was not statistically
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Fig. 1. Schematic illustration of spiral MNs using three different insertion techniques to rapidly extract ISF through the swelling mechanism of the MNs and recover

glucose for on-site detection via SPEs.
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Fig. 2. Fabrication, characterization, and morphological analysis of swellable MNs. a) Schematic representation of the fabrication process, including 3D printing of
master MNs, PDMS mold preparation, casting, drying, demolding, and replication of the final MN patch. b) SEM images of the MNs at different magnifications,
showing the complex structure in detail ¢) Comparison of MNs shrinkage in heights between different formulations (Swellable MN-Mal0, MN-Mal3, MN-Mal5) and
the master MN. d) Comparison of MN tip diameter between MN master and different formulations (MN-Mal0O, MN-Mal3, MN-Mal5) of the swellable MNs. e) Base
diameter comparison between master MN and different formulations (MN-Mal0, MN-Mal3, MN-Mal5). f) An image of the Master MN patch (15 x 15) with a square
base. g) An image of the swellable MN patch (15 x 15) with a transparent morphology. h) Optical microscopic image of the swellable MNs showing identical
morphology between the needles.
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significant (p > 0.05, n = 5). Tip diameter of the MNs can play a crucial
role in insertion, as smaller tips enable smoother and more efficient skin
penetration [25]. Master MNs produced by 3D printing had the sharpest
tip with a diameter of ~4.47 pm. Swellable MNs’ tip diameter was
~7.54 pm (MN-Mal0), ~8.16 pm (MN-Mal3) and ~7.6 ym (MN-Mal5)
respectively, as shown in Fig. 2d (left). SEM image of the upper part of a
single MN tapering to a sharp tip (>15 pm) is also highlighted with a
close-up view in Fig. 2d (right). The difference in tip diameters between
the swellable MNs was also not statistically significant (p > 0.05, n = 5)
and well below the recommended tip diameter of 15 ym for effective
skin penetration [25]. The measured base diameters were slightly
reduced from the original CAD design (300 pm) across the different MN
types. For example, the base diameter of the master MN was 295.40 +
1.14 pm, and for MN-Mal0, MN-Mal3, and MN-Mal5, the base diameters
were 289 + 5.52 pm, 283.20 + 3.35 pm, and 285 + 5.43 pm, respec-
tively (Fig. 2e). The captured images showing the MN patch (15 x 15)
remained identical across both the master and fabricated design (Fig. 2f
and g), while optical images of the swellable MNs are shown in Fig. 2h.

2.2. Swelling and mechanical characteristics of MNs

Swelling behavior and mechanical properties of the MNs are among
the most important aspects in extracting a higher volume of ISF.
Generally, excessive MN swelling can reduce mechanical strength, while
higher mechanical strength can compromise swelling. Therefore,
finding an optimal balance between them is important so they do not
overlap significantly. To achieve this balance, the swelling properties of
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the MN material were optimized (Fig. S3) by adjusting the concentra-
tions of gelatin/PVA and maltose with the MNs replicated from the
master template using negative molds. MN patches were then tested in
alSF to determine the swelling properties. Rapid swelling was observed
over time due to the presence of SAP and osmolyte in the hydrogel
structure. After 5 min, the swelling ratio for MN-MalO, MN-Mal3, and
MN-Mal5 reached 467 4 49.41 %, 561 + 48.04 %, and 596 + 23.59 %,
respectively (Fig. 3a). SAP has an exceptionally high capacity for water
absorbency; hence, combined with osmolytes (maltose) and polymers
(gelatin and PVA), the swellable MNs could rapidly transition from a dry
to a swollen state without being dissolved. In contrast, MNs made
without SAP (PAA-Na) gradually disintegrated within the first 5 min of
the test, and the shape of the MNs was not visible. The results suggested
that adding SAP and osmolyte (maltose) in MNs significantly enhanced
the swelling capacity and maintained their structural integrity. This
allowed the MNs to maintain their functionality during the swelling test
and enhanced stability to prevent premature disintegration. Although
MNs could continue swelling until they reached equilibrium, ISF
extraction beyond 5 min was impractical, and further swelling was not
considered. This is because the extraction time and ability of MNs
directly depend on their ability to swell. Fast swelling is the most
important aspect, as it minimizes the time required for sample collection
and makes the process more feasible for frequent and on-site biomarker
detection. Optical images of the MNs revealed a substantial increase in
size upon swelling while remaining reasonably intact (Fig. 3b).

The mechanical strength of MNs is another crucial factor as it ensures
that MNs can penetrate the skin successfully. Therefore, a compressive
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Fig. 3. Swelling and mechanical properties of the MNs replica. a) Swelling ratio (%) of the MN-MalO, MN-Mal3, and MN-Mal5 over 5 min, indicating that all
formulations exhibit increased swelling, with MN-Mal5 showing the highest swelling ratio. b) Optical and captured images of MNs before and after swelling showing
morphological change in shape and size. ¢) Schematic illustration of the setup for mechanical testing of the MN patch, with a mechanical sensor applying force to the
MNs mounted on a stationary base. d) Force (N) versus displacement (mm) curve of MN-Mal0, MN-Mal3, and MN-Mal5, showing differences in mechanical strength
across all formulations. The inset shows the post-impact image of a single MN (Scale bar: 100 pm). ) Maximum force (N) each MN can withstand, showing no
significant difference between all formulations. f) Compressive modulus (MPa) of the MN-Mal0O, MN-Mal3, and MN-Mal5, with MN-Mal5 showing improved strength

than the other two formulations.
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load test was conducted to assess the mechanical strength of the MNs.
MN patches were placed between the plates of the test instrument
equipped with a mechanical sensor to obtain the force versus displace-
ment curve (Fig. 3c). As the movable upper plate touched the tip of the
MN, the force increased to a peak before dropping and then approaching
a second peak. The first peak, the failure load, confirmed the permanent
deformation of the MNs in a vertical direction without any fragmenta-
tion (Fig. 3d). The failure mode was primarily bending, with no
noticeable torsion or twisting at the point of failure. The fracture force
for each patch of MN-Mal0, MN-Mal3, and MN-Mal5 was 36.23 N, 43.04
N, and 46.86 N, respectively. For a single MN, the forces were about
0.16 N, 0.19 N, and 0.20 N with no statistical significance (p > 0.05,n =
5), respectively (Fig. 3e), which are about 1.7, 2.2, and 2.4 times higher
than the required force to penetrate the skin (0.058 N) [23], indicating
that the replicated MNs possess enough strength to penetrate the skin
without fracture. This was further supported by the compressive
modulus of MN-Mal0, MN-Mal3, and MN-Mal5 measured at ~ 4.21 MPa,
~5.20 MPa, and ~5.42 MPa, respectively (Fig. 3f), with MN-MalO and
MN-Mal3 indicated statistical significance in results (p < 0.05, n = 5).
This suggested that adding osmolytes (maltose) can also influence the
mechanical strength of the MNs. For instance, MNs without maltose
(MN-MalO) had 15.78 % (MN-Mal3) and 20 % (MN-Mal5) lower me-
chanical strength compared to those with maltose. The presence of
maltose created osmotic pressure that also aided the fluid uptake.
Conversely, the results showed that further increasing the concentration
of osmolytes (>7 %, w/v) made the MNs brittle and reduced their
swelling behavior (Fig. S3). This could be due to the structural change
altering the properties of SAP by occupying a significant portion of the
hydrogel matrix, making it less porous. In contrast, the presence of SAP
with the optimal amount of osmolytes balanced the swelling and me-
chanical properties of the MNs to an ideal state when combined with a
hydrogel matrix (gelatin and PVA) without the need for additional
cross-linkers (e.g., glutaraldehyde) or synthetization (e.g., gelatin
methacryloyl, GelMA).

Various studies have demonstrated good swelling and mechanical
properties using different hydrogel compositions. One such study by Zhu
et al. reported a crosslinked GelMA MN patch capable of swelling up to
410 + 79 % within the first 10 min in DPBS solution, with a compressive
modulus of 5.80 MPa [8]. Xu et al. developed a MN patch composed of
PVA and polyvinylpyrrolidone (PVP) that swelled by ~ 450 % in PBS
within 12 min while maintaining the structural integrity of the tip [26].
He et al. reported another hydrogel MN patch made of PVA and chitosan
(CS) demonstrated swelling of 850 % in 30 min with a fracture force
greater than 3 N/needle [10]. Qiao et al. demonstrated that a MN patch
consisting of crosslinked GelMA and graphene oxide (GO) would swell
up to 383.58 % in 30 min with a fracture force of 0.22 N/needle [11]. A
different study by Fonseca et al. reported a hydrogel MN patch capable
of swelling up to 201 + 4 % in 20 min, with each needle able to with-
stand a force of 0.30 + 0.03 N [27]. Compared to previous studies, MN
patches developed in this study showed improved swelling and balanced
mechanical strength for rapid extraction of ISF. A comparative summary
table of the swelling properties of the MNs and their mechanical strength
is provided in Table S1.

2.3. Insertion and extraction capabilities of MNs with and without
applicator

One of the most significant challenges for successful MN penetration
is overcoming the stratum corneum (SC), the primary barrier to sub-
stances entering the body [28,29]. Therefore, three different insertion
techniques: manual insertion (thumb press), applicator only (0 Hz, 4.5
m s~1) and applicator with vibration (100 Hz, 4.5 m s~ 1) were explored
for successful insertion, penetration, and extraction capabilities of the
MNs [21,22].

Initially, insertion tests were conducted by stacking eight layers of
Parafilm (127 pm each, total thickness ~ 1 mm) to mimic the elastic
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properties of skin [30]. MNs were applied to the Parafilm manually and
with the applicator (0 Hz and 100 Hz, 4.5 m s_l), which resulted in a
uniform pattern of micro-holes on different layers. The first layer of the
Parafilm is the most important as it acts as the SC where MN failure
predominantly occurs. After the insertion, the imprint from the MN
patch was clearly visible on the Parafilm (Fig. 4a), and the efficiency was
calculated based on the number of holes successfully pierced through
the Parafilm. The results demonstrated noticeable improvement in the
applicator-assisted method compared to manual insertion. For
MN-MaloO, the efficiency for manual insertion was about ~77.16 %,
which increased to ~95.58 % (0 Hz, 4.5 m s’l) and ~95.47 % (100 Hz,
4.5 m s~1) with the applicator. MN-Mal3 showed similar results, with an
efficiency of about ~84.09 % for manual application, improving to
~96.18 % (4.5 m s 1) and ~96.62 % (100 Hz, 4.5 m s~!) using the
applicator. MN-Mal5 demonstrated the highest penetration efficiency
with the manual insertion at ~ 86.22 %, improving to about ~97.44 %
(0 Hz, 4.5 m s 1) and ~97.60 % (100 Hz, 4.5 m s 1) by the applicator.
The results showed that efficiency increased with the applicator-assisted
insertion, with the improvements being statistically significant (p < 0.05
and p < 0.01, n = 5) (Fig. 4b). The difference between the applicator
without vibration (0 Hz, 4.5 m s’l) and with vibration (100 Hz, 4.5 m
s~1) was not statistically significant (p > 0.05, n = 5). Noticeable im-
provements were also observed in penetration depth using the appli-
cator insertion method (Fig. 4c). In the case of manual insertion (thumb
press), the MN-MalO penetration depth was 195.16 + 20.05 pm, which
increased to 275.55 + 22.08 pm (0 Hz, 4.5 m s’l) and 284.25 + 20.09
pm (100 Hz, 4.5 m s~ 1) with the use of applicator. A similar improve-
ment trend was noticed for MN-Mal3, with the penetration depth
increasing from 274.02 + 43.19 pm (manual insertion) to 311.60 +
12.67 pm (0 Hz, 4.5 m s~ ') and 317.99 + 8.86 pm (100 Hz, 4.5 m s 1)
with the applicator. For MN-Mal5, the manual insertion depth was
280.10 + 48.07 pm, increasing to 334.51 + 21.54 pym (0 Hz, 4.5 m s
and 335.51 + 21.82 pm (100 Hz, 4.5 m s~ 1) with the applicator. The
improvements over the applicator without vibration (4.5 m s~!) are only
about 3 % (MN-Mal0) and 2 % (MN-Mal3), while MN-Mal5 showed
almost no improvement (p > 0.05, n = 5) (Fig. 4d). Noticeably, in the
second layer, the diameters of the micro-holes were reduced, and a
significant decrease was observed in the third layer, with no holes visible
in the fourth. Since each parafilm layer is ~ 127 pm thick, the maximum
theoretical MN penetration depth was ~381 pm (equivalent to three
layers of Parafilm), which is ~ 36 % (manual), ~13.8 % (0 Hz, 4.5 m sh
and 13.55 % (100 Hz, 4.5 m s h higher for MN-Mal5. This is likely
because the theoretical calculations assume uniform penetration
through each layer but do not fully account for micro-level variations in
the third layer during actual penetration.

To further explore the ISF uptake, insertion efficiency, and depth of
MNs, they were manually inserted into 1.4 % (w/v) agarose gel prepared
in aISF for 5 min (Fig. 4e). The swelling ability and holes created by the
MNs were subsequently analyzed. Upon insertion into the agarose gel,
the MNs began to swell due to the aISF, extracting 9.09 + 1.25 pL, 11.14
+ 1.15 pL, and 12.49 + 1.26 pL for MN-Mal0, MN-Mal3, and MN-Mal5,
respectively, in 5 min (Fig. 4f). This is due to osmolytes creating higher
osmotic pressure within the MNs compared to the aISF in the agarose
gel. Therefore, an increase in the concentration of maltose exhibited
higher ISF extraction ability. Zheng et al. also reported that incorpo-
rating osmolyte-like maltose in methacrylated hyaluronic acid (MeHA)
MNs enhances ISF extraction [12]. Penetration efficiency was 98.04 +
0.24 %, 98.13 + 0.58 %, and 98.31 + 0.58 % for MN-Mal0, MN-Mal3,
and MN-Mal5, respectively (Fig. 4g). Penetration depths into the
agarose gel were 620.88 + 12.26 pm, 634.35 + 35.75 pm, and 643.25
+ 20.32 pm for MN-MalO, MN-Mal3, and MN-Mal5, respectively
(Fig. 4h). The applicator-assisted insertion was not used in the agarose
gel test because the insertion (0-100 Hz, 4.5 m s~!) could pierce through
the gel too quickly, compromising the ability to observe the controlled
penetration and extraction behavior of the MNs.

In addition to the manual insertion technique used in the agarose gel
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without vibration (0 Hz, 4.5 m s~ 1), and applicator with vibration (100 Hz, 4.5 m s~ 1. a) Visual images of micro-holes on parafilm left by the MN patch after manual
insertion, applicator without vibration (0 Hz, 4.5 m s71), and applicator with vibration (100 Hz, 4.5 m s~ 1) for MN-Mal0, MN-Mal3, and MN-Mal5. b) Penetration
efficiency (%) of the first layer of parafilm using manual insertion, applicator without vibration (4.5 m s~1), and applicator with vibration (100 Hz, 4.5 m s~!) for MN-
Mal0, MN-Mal3, and MN-Mal5. c) Penetration depth (um) into parafilm for manual insertion, applicator without vibration (0 Hz, 4.5 m s™1), and applicator with
vibration (100 Hz, 4.5 m s~ 1) across MN-MalO, MN-Mal3, and MN-Mal5. d) Mean percentage improvement with vibration (100 Hz, 4.5 m s~ 1) over no vibration for
MN-Mal0, MN-Mal3, and MN-Mal5. e) Schematic and optical images showing the micro-holes created in agarose gel after MN insertion, with corresponding depth
profile visualized. f) aISF uptake (pL) from agarose gel using manual insertion for MN-MalO, MN-Mal3, and MN-Mal5. g) aISF uptake (pL) from agarose gel using
manual insertion for MN-MalO, MN-Mal3, and MN-Mal5. g) Penetration efficiency (%) on the agarose gel using manual insertion for MN-Mal0O, MN-Mal3, and MN-
Mal5. h) Penetration depth (%) on the agarose gel using manual insertion for MN-Mal0, MN-Mal3, and MN-Mal5. i) Visual and optical images of micro-holes on
porcine skin left by the MN patch with corresponding depth profile visualized post manual insertion, applicator without vibration (0 Hz, 4.5 m s~ 1), and applicator
with vibration (100 Hz, 4.5 m s™!) for MN-Mal0, MN-Mal3, and MN-Mal5. j) ISF uptake (uL) from the porcine skin using manual insertion, applicator without
vibration (0 Hz, 4.5 m s’l), and applicator with vibration (100 Hz, 4.5 m s71) for MN-Mal0, MN-Mal3, and MN-Mal5. k) Penetration efficiency (%) on the porcine
skin using manual insertion, applicator without vibration (0 Hz, 4.5 m s1), and applicator with vibration (100 Hz, 4.5 m s~!) for MN-Mal0, MN-Mal3, and MN-Mal5.
i) Penetration depth (%) on the agarose gel using manual insertion, applicator without vibration (0 Hz, 4.5 m s71), and applicator with vibration (100 Hz, 4.5 m sH
for MN-MalO, MN-Mal3, and MN-Mal5.
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test, MN patches were further applied to fresh porcine skin manually and
with an applicator assisted with (100 Hz, 4.5 m s_l) and without vi-
bration (0 Hz, 4.5 m s h (Fig. 4i). Following the application, successful
penetration was confirmed by the micro-holes visible on the porcine skin
placed on a non-slip surface. However, manual insertion of the MNs into
porcine skin resulted in the lowest outcomes across all measured pa-
rameters. For example, only 3.62 & 0.44 pL, 4.79 + 0.51 pL, and 5.55 +
0.97 pL of ISF were extracted by MN-Mal0, MN-Mal3, and MN-Mal5,
respectively (Fig. 4j). The penetration efficiencies were 47.91 + 13.83
%, 53.33 + 12.43 % and 56.62 + 15.60 % for MN-Mal0, MN-Mal3, and
MN-Mal5, respectively (Fig. 4k). Penetration depths showed similar
results at 171.19 £ 11.61 pm, 228.50 + 54.50 pm, and 244.10 + 42.95
pm for MN-MalO, MN-Mal3, and MN-Mal5, respectively (Fig. 41).

The applicator effectively improved the insertion and extraction
capabilities of the MNs. With the applicator-assisted insertion (0 Hz, 4.5
ms 1), 4.94 + 0.51 L, 5.74 + 0.49 L, and 6.55 + 0.47 pL of ISF was
extracted by MN-MalO, MN-Mal3, and MN-Mal5, respectively (Fig. 4j).
ISF uptake increased by about 36.46 %, 19.83 %, and 18 % compared to
manual insertion on the ex-vivo skin for MN-Mal0O, MN-Mal3, and MN-
Mal5, respectively. Additionally, penetration efficiency was 62.58 +
12.18 %, 74.22 £ 7.99 %, and 76.27 + 9.59 % for MN-Mal0, MN-Mal3,
and MN-Mal5, respectively (Fig. 4k), further reflecting improvements of
about 30.62 %, 39.16 %, and 34.70 % compared to manual insertion.
Furthermore, penetration depth was also enhanced to 243 + 6.75 pm,
303.79 + 8.25 pm, and 322.15 + 46.82 pm for MN-MalO, MN-Mal3, and
MN-Mal5, respectively (Fig. 41). This indicates an improvement in
penetration depth of 41.95 %, 32.95 %, and 31.97 % over manual
insertion.

Next, MNs were applied using the applicator with vibration (100 Hz,
4.5ms™b). After 5 min, 5.48 & 0.87 pL, 6.35 + 0.78 pL, and 7.06 + 0.44
pL of ISF were extracted by MN-Mal0, MN-Mal3, and MN-Mal5,
respectively (Fig. 4j), showing improvements of around 51.27 %,
32.57 %, and 27.14 % compared to manual insertion. Penetration effi-
ciency of the MNs was 68.09 + 12.46 %, 75.20 + 16.22 %, and 78.49 +
8.71 % for MN-Mal0O, MN-Mal3, and MN-Mal5, respectively, indicating
improvement of about 42.12 %, 41.00 %, and 38.62 % over manual
insertion. (Fig. 4k). Penetration depths increased significantly to 273.86
+ 18.96 pm, 310.14 + 7.77 pm, and 325.45 + 21.93 pm for MN-MalO,
MN-Mal3, and MN-Mal5, respectively (Fig. 41). The result indicated an
improvement of about 59.98 %, 35.73 %, and 33.33 % compared to
manual insertion.

The findings revealed that vibration (100 Hz, 4.5 m s h during
insertion can enhance the overall penetration depth and extraction ca-
pabilities of the MNs, particularly for MNs with lower mechanical
strength. For example, applicator with vibration (100 Hz, 4.5 m s %)
improved ISF uptake by approximately 10.94 % (MN-Mal0), 10.63 %
(MN-Mal3), and 7.79 % (MN-Mal5), Penetration depth was also
improved about 12.70 % (MN-Mal0), 2.09 % (MN-Mal3), and 1.02 %
(MN-Mal5), while the efficiency increased by 8.81 % (MN-Mal0), 1.32 %
(MN-Mal3), and 2.92 % (MN-Mal5) compared to the applicator without
vibration (0 Hz, 4.5 m s . However, insertion and extraction ability
also depend on the swelling of the polymer matrix. Additionally, me-
chanical strength, penetration depth, and efficiency are interdependent.
For example, MNs with lower mechanical strength will likely have
reduced penetration depth and efficiency, resulting in decreased ISF
uptake, even if the MNs are highly swellable. Thus, MNs with the lowest
mechanical strength and swelling capacity (MN-MalO) showed the
greatest improvement with the vibration-assisted applicator across all
aspects (swelling, depth, and efficiency). The results showed that MN-
MalO insertion and extraction are more effective with the applicator,
offering better precision and consistency. MNs with better mechanical
properties and swelling capabilities (MN-Mal3 and MN-Mal5) can also
benefit from the applicator, though the impact was less significant be-
tween the applicator with and without vibration. A comparative sum-
mary table of the above three insertion tests is provided in Table S2.

The performance of MNs on porcine skin exhibited significant
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differences in ISF uptake, penetration depth, and efficiency compared to
the agarose gel test. The porcine skin test results were closely aligned
with those obtained from the Parafilm test. For example, penetration
depths observed on porcine skin were only about 3.65 %, 2.46 %, and 3
% lower than those recorded on Parafilm with the same settings (100 Hz,
4.5 m s™1). This could be attributed to the Parafilm’s ability to closely
replicate the mechanical properties of skin, such as resistance and
elasticity, resulting in similar MN performance. In contrast, agarose gel
offers a more uniform density and reduced elasticity, facilitating easier
penetration and higher ISF uptake.

Numerous studies have investigated different material compositions
to enhance the aISF/ISF uptake of MNs. For instance, Zhu et al. reported
a MN patch (GelMA) that extracted ~ 2.5 pL of ISF in 10 min in vivo [8].
Similarly, Xu et al. developed a MN patch (PVA/PVP) that extracted ~
4.4 pL of ISF in 12 min in an in vivo setting [26]. He et al. introduced
another hydrogel MN patch (PVA/CS) capable of extracting 7.5 pL of ISF
in just 6 min [10], while Qiao et al. developed a MN patch (GelMA/-
graphene oxide) that extracted 21.34 pL of ISF in 30 min in vitro [11].
Additionally, Fonseca et al. reported a MN patch (crosslinked-GelMA) that
extracted 3.0 £ 0.7 pL of ISF in 30 min from human abdominal ex vivo
skin [27]. Zheng et al. reported a MN patch (methacrylated hyaluronic acid
and maltose) that extracted 3.82 pL of ISF from mice skin in vivo in 3 min
[12], while Laszlo et al. demonstrated an acrylate-based MN patch that
could extract 6 pL of dermal ISF in 10 min in vivo [13]. Furthermore,
Chang et al. studied a MN patch (methacrylate hyaluronic acid) that
extracted 2.3 + 0.4 pL of ISF in 10 min from an in vivo mouse model
[14]. Compared to these existing studies, the swellable MN-Mal5 patch
showed improved ISF extraction, exceeding 5 pL within just 5 min. This
is due to the unique combination of SAP and osmolyte-like maltose in
the MN formulation, which not only enhances swelling capacity but also
improves mechanical integrity during skin penetration. Additionally,
the optimized insertion techniques, such as the applicator-assisted
method, further improved the efficiency of ISF extraction. A compara-
tive summary table of ISF extraction, volume, and time compared with
other studies is provided in Table S3.

2.4. Recovery of glucose in in-vitro and ex-vivo models

To assess the ability of MNs to recover glucose, experiments were
conducted using three models: aISF, agarose gel, and porcine skin. MN
patches were heated, vortexed, and centrifuged to dissolve, after which
glucose concentrations were measured. The recovery rates were deter-
mined by comparing the measured glucose concentrations with known
concentrations ranging from 5 mM to 30 mM (Fig. 5a).

The results suggest the recovery rate was the highest in the aISF
solution, recovering 75.13 + 5.27 %, 79.42 + 7.78 % and 80.07 + 6.12
% of glucose from MN-Mal0 MN-Mal3 and MN-Mal5, respectively. The
MNs tested on the agarose gel model showed slightly lower recovery
rates of 73.19 £ 7.27 %, 76.49 + 8.02 %, and 77.73 + 7.11 % for MN-
Mal0O, MN-Mal3, and MN-Mal5, respectively (Fig. 5b). This reduction
may be attributed to the denser matrix of the agarose gel and the fact
that MNs were only inserted rather than fully submerged. In the porcine
skin model (pre-soaked overnight in varying glucose concentrations),
the recovery rate of the MNs was 40.23 + 4.05 %, 45.29 + 2.41 %, and
46.37 + 7.62 % for MN-Mal0, MN-Mal3, and MN-Mal5, respectively
(Fig. 5¢). This could be due to reduced ISF volume, lower penetration
depth, and decreased efficiency in accessing glucose molecules within
the skin. However, with the applicator (0 Hz, 4.5 m s 1), the recovery
rates improved to 62.29 + 9.25 %, 65.99 + 10.33 %, and 67.95 + 7.68
% for MN-MalO, MN-Mal3, and MN-Mal5, respectively (Fig. 5d). With
vibration (100 Hz, 4.5 m s 1), the recovery rates were closely identical
to those observed with the applicator alone: 62.12 + 12.11 %, 66.47 +
6.01 %, and 69.79 + 8.75 % for MN-MalO, MN-Mal3, and MN-Mal5,
respectively (Fig. 5e).

The results demonstrated that ISF uptake can directly impact the
recovery process where the difference was statistically significant (p <
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Fig. 5. Comprehensive assessment of the recovery of glucose across different techniques and models. a) Schematic illustration of the recovery process for glucose
detection, showing the dissolution of the MNs in deionized (DI) water, followed by heating, vertexing, and centrifugation to release glucose molecules for subsequent
analysis. b) Comparison of glucose recovery rates (%) from agarose gel using manual insertion for MN-Mal0, MN-Mal3, and MN-Mal5, indicating consistent recovery
performance across all formulations. ¢) Recovery rates (%) of glucose from porcine skin using manual insertion, showing recovery efficiency for MN-Mal0, MN-Mal3,
and MN-Mal5. d) Glucose recovery rates (%) from porcine skin with applicator-assisted insertion (0 Hz, 4.5 m s~ 1), showing improved performance compared to
manual insertion across all MN formulations. ) Glucose recovery rates (%) from porcine skin with vibration-assisted insertion (100 Hz, 4.5 m s~ 1) for MN-MalO, MN-
Mal3, and MN-Mal5. f) Impact of ISF uptake (pL) from manual insertion on glucose recovery rates (%) for MN-Mal0O, MN-Mal3, and MN-Mal5. g) Impact of ISF uptake
(pL) from applicator-assisted insertion (0 Hz, 4.5 m s™H on glucose recovery rates (%) for MN-MalO, MN-Mal3, and MN-Mal5. h) Impact of ISF uptake (pL) from
vibration-assisted insertion (100 Hz, 4.5 m s Hon glucose recovery rates (%) for MN-MalO, MN-Mal3, and MN-Mal5. i) Linear correlation between actual (grey) and
detected glucose concentrations (purple) for MN-MalO (R? = 0.967) in agarose gel. j) Linear correlation between actual (grey) and detected glucose concentrations
(purple) for MN-Mal3 (R? = 0.977) in agarose gel. k) Linear correlation between actual (grey) and detected glucose concentrations (purple) for MN-Mal5 R? =

0.987) in agarose gel.

0.01, p < 0.001, n = 5). For example, the recovery rate increased pro-
portionally with the volume of ISF extracted across all insertion methods
(manual, 0 Hz, 4.5 m s, and 100 Hz, 4.5m s~ 1) as well as different MN
types (MN-Mal0, MN-Mal3, and MN-Mal5), (Fig. 5f~h). MN-Mal5
showed the highest ISF uptake; therefore, recovered glucose was
higher than that of MN-Mal0 and MN-Mal3. The volume of ISF extracted
is critical for accurate glucose concentration measurement, as lower ISF
volumes may result in inadequate glucose concentrations, leading to
inaccurate readings [31]. The same principle has been used in blood
glucose testing, where a sufficient amount of blood is required in test
strips to generate a measurable current for precise glucose
quantification.

The findings also suggest a strong relationship between recovery
rates and the critical metrics: ISF uptake, penetration depth, and pene-
tration efficiency of the MNs, where higher ISF uptake consistently led to
improved recovery rates. Additionally, greater penetration depth and
efficiency further enhanced ISF uptake, directly impacting glucose re-
covery. The composition of the polymer matrix also plays a crucial role
in determining the recovery rate, influencing the interaction between
the MNs and tissue, as evidenced by varying recovery rates across
different test models. Moreover, detected glucose concentrations (shown
in purple) aligned closely with the actual concentration (shown in grey)
across all MN types, with a strong correlation between measured and
actual values (Fig. 5i-k).

2.5. Optimization of the SPE-based biosensor

For on-site glucose detection, SPEs were functionalized with PB,
Chitosan-SWCNTs, GOyx- Bovine Serum Albumin (BSA), and Nafion
(Fig. 6a) following an established protocol with slight modifications
[32]. PB has been used as a mediator to enhance the sensitivity and
selectivity of the sensor by reducing HpO» [33,34]. Chitosan-SWCNTs
improve enzyme immobilization and enhance electron transfer, while
GOy catalyzes glucose oxidation [35,36]. BSA helps stabilize the enzyme
layer on the electrode, and Nafion acts as a permeability barrier, pre-
venting interference from other analytes [37-39].

To activate the PB on the working electrode (WE), a CV test was
performed in a 0.1 M KCI solution (scan rate 50 mV/s, 100 cycles),
where it maintained consistent peak currents. Clear cathodic and anodic
peaks were observed on the reversible transition between PB and
Prussian white, indicating a robust redox process (Fig. 6b). As the scan
rate increased from 10 to 50 mV/s, the peak currents increased linearly
with the square root of the scan rate, further confirming a quasi-
reversible redox mechanism (Fig. 6¢). This linear relationship demon-
strated the strong electrocatalytic activity of PB towards HoO5 reduc-
tion. Next, modified SPEs with GO, were compared to those without GOy
(bare) at 5 mM glucose. The GOx-modified electrodes showed a
remarkably higher current response and clear redox peaks (Fig. 6d). In
contrast, the bare SPE showed a minimal current response and lacked
noticeable redox peaks.

Next, Nafion was applied to the modified SPEs to create a selective
barrier where small molecules (e.g., glucose) could reach WE electrodes
while filtering the other larger interfering molecules and preventing

biofouling. To optimize the number of Nafion layers, two modified SPEs
were compared: one with a single Nafion layer and the other with a
double layer. CV test (50 mV/s) revealed that the SPE with a single
Nafion layer responded to lower glucose concentrations, while the
double-layered SPE required higher glucose levels for the same
measurable response. Based on this observation, a single Nafion layer
was selected for all subsequent analytical readouts.

To optimize the detection potential and calibrate the sensor, chro-
noamperometry was performed with 10 mM glucose in 0.1 M PBS across
various potentials (- 0.00 V, - 0.05V, - 0.10 V, - 0.15 V, and - 0.20 V).
The background current in 0.1 M PBS was also recorded and compared
to the glucose solution to identify the optimal balance between back-
ground noise and signal strength. The results showed that — 0.15 V had
the highest average current with the lowest background interference,
leading to the highest signal-to-background ratio (Fig. 6e and f).
Therefore, — 0.15 V was chosen as the optimal potential for the final
chronoamperometry tests. A range of glucose concentrations (0.5
mM-15 mM) was tested to confirm the biosensor’s detection capability.
Initially, 150 pL was applied to the electrode for each chro-
noamperometry test conducted at — 0.15 V over 60 s (Fig. 6g). The re-
sults demonstrated high sensitivity towards glucose, with the current
directly proportional to the glucose concentration. The corresponding
calibration curve demonstrated a strong linear relationship between
current and glucose concentration (R? = 0.980) (Fig. 6h).

The sensor’s current response was evaluated by progressively
reducing the sample volume applied to the SPEs from 150 pL to 100 pL,
50 pL, 25 pL, and finally, 10 pL while maintaining a glucose concen-
tration of 10 mM in a 0.1 M buffer solution. As shown in Fig. 6i-j, the
current response remained stable for sample volumes ranging from 50
pL to 150 pL, indicating that these volumes provided adequate interac-
tion between the sample and the electrode for accurate glucose detec-
tion. In contrast, noticeable changes in current response were observed
when the sample volume was reduced to 25 pL and became even more
pronounced at 10 pL. At these lower volumes, the sensor’s ability to
accurately detect glucose was potentially compromised, suggesting that
the reduced contact area between the sample and the electrode may
have impacted the sensor’s performance. Therefore, 50 pL was identified
as the minimum volume required for consistent and reliable glucose
detection. The results further suggest a minimum incubation time of 9
min for the sensor to reach a steady-state current response. The high-
density collagen matrix in the dermis acts as a barrier that restricts
glucose movement and can lead to a longer equilibration time between
blood plasma and ISF glucose levels. Since ISF lacks active circulation,
glucose transport relies on passive diffusion, which is inherently slower
in dense tissue environments. This results in a time lag between blood
glucose fluctuations and their reflection in ISF.

The alISF/ISF with varying glucose concentrations (0.5 mM-15 mM)
was extracted using the proposed MNs and dissolved to prepare samples
for the SPE sensor. When the 50 pL of the sample was applied to the
active site of the SPE, the 9-min stabilization period reflected the time
required for glucose molecules to diffuse through the solution and reach
the active site of the SPE (WE), where the electrochemical reaction
generates a measurable current. This lag is consistent with the expected
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Fig. 6. Electrochemical characterization and optimization of the biosensor for glucose detection. a) Schematic illustration of the modification of the SPEs with
Prussian blue, chitosan, SWCNTs, GOy, BSA, and Nafion. b) CV of the sensor over 100 cycles showing stability of the Prussian blue. ¢) CV at different scan rates
(10-50 mV/s) indicating scan rate-dependent response of the sensor. d) Comparison between the bare and modified SPEs demonstrating enhanced current response.
e) Average current values at different applied potentials (0.00, — 0.05, — 0.10, — 0.15, — 0.20) in PBS (without glucose, grey) and with glucose (10 mM, blue). f)
Corresponding signal-to-background ratio highlighting optimal potential range. g) Chronoamperometry response at varying glucose concentrations (0.5 mM-15 mM)
indicating current response over time in 0.1 M PBS. h) Linear calibration plot of the sensor response for glucose detection (0.5 mM-15 mM), R? of 0.980 (n = 12). i)
Images of the SPE at varying sample volumes (10-150 pL) with an incubation time of ~9 min. j) Analysis of sample volume (pL) influence on current response for 10
mM glucose. k) Interference study showing current response to glucose (Glu), compared to AP, LA, UA, and AA at 15 mM glucose. 1) Repeatability test of the sensor
response over multiple runs at 15 mM glucose. m) AFM images of unmodified and modified WE showing surface morphology changes (2 pm x 2 pm). n) Image of the
optimized SPEs for subsequent electrochemical analysis.
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behavior of ISF-based glucose detection systems, as the diffusion of
glucose in ISF is quicker than the sensor’s response time, which includes
the additional time needed for glucose to interact with the electrode
surface. Therefore, a 9-min incubation time was maintained to ensure
that the sample had sufficient time to fully interact with the surface of
the WE before the test was run. This consistent time ensured that the
sensor response was not influenced by differences in contact time, which
could have introduced variability in the results.

The selectivity of the biosensor was assessed using common inter-
ferents found in ISF (e.g., acetaminophen (AP), lactic acid (LA), uric acid
(UA), and ascorbic acid (AA). As shown in Fig. 6k, the glucose (Glu)
response at 15 mM was significantly higher (- 4.52 pA) compared to the
other interferents. Although AP showed some current response (- 1.70
pA), it was considerably lower, and LA, UA, and AA displayed negligible
responses. This indicated that the sensor maintained high selectivity for
glucose, even in the presence of these common interferents. Addition-
ally, repeatability tests were conducted, as shown in Fig. 61, where
multiple runs (n = 5) were performed with 15 mM glucose, and the
current response remained reasonably consistent. Fig. 6m shows the
AFM images of both the modified and bare WE, revealing distinct
morphological changes in surface properties. The bare WE exhibited a
relatively smooth surface with lower surface roughness (Rq = 23 & 4.51
pm). In contrast, the modified WE exhibited a much more textured
surface, with a significant increase in surface roughness (Rq = 42 + 6.47
pm). Fig. 6n shows the optimized SPEs prepared for glucose detection in
ISF.

Materials Today Chemistry 45 (2025) 102661
2.6. Direct detection of glucose using the optimized biosensor

The MN patches were evaluated with the electrochemical biosensor
for direct glucose detection in-vitro without the need for any post-
processing methods. After extracting aISF, MNs were dissolved to test
the varying glucose concentrations (0.5 mM-15 mM) present within
them. 50 pL of the prepared sample was applied on the WE, and chro-
noamperometry was performed for 60 s to record the partially amplified
current using a potentiostat. Results suggest that the current response of
the biosensor was linearly increased with the concentration of glucose.
Fig. 7a and c shows the corresponding standard curve between glucose
concentration (0.5 mM-15 mM) and the response of three MN samples
showing a strong linear correlation, with MN-Mal5 demonstrating the
highest linearity (R> = 0.9971). The slope of the standard curve was
calculated as 1.217 pA/mM (MN-Mal0), 1.190 pA/mM (MN-Mal3) and
1.2 pA/mM (MN-Mal5), where the diameter of the WE was 4 mm. The
LoD (306/S) of the biosensor for each MN type was almost identical and
calculated as 0.07 mM (MN-Mal0), 0.08 mM (MN-Mal3) and 0.08 mM
(MN-Mal5), where o is the standard deviation (n = 5) of the background
signal at the lowest concentration of glucose (0.5 mM) and S is the slope
of each calibration curve (Fig. 7d). LoD is primarily influenced by factors
such as the sensitivity of the electrode material, stability of the elec-
trochemical reaction, and the background current in the measurement
system. In this case, the near-identical LoDs suggest the consistency of
the biosensor to reliably detect but not necessarily quantify the glucose
concentration as low as 0.07 mM. The sensitivity of the biosensor was
9.68 pA mM ! cm 2 (MN-Mal0), 9.46 pA mM ! em—? (MN-Mal3) and
9.54 pA mM~! cm 2 (MN-Mal5) (Fig. 7e). Additionally, MNs were
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Fig. 7. MN-based biosensor system for direct glucose detection. a) MN-MalO indicating good correlation (R = 0.9714) between glucose concentration (mM) and
current (pA). b) MN-Mal3 showing good linearity (R? = 0.9887) between glucose concentration (mM) and current (pA). b) MN-Mal5 also indicates good linearity (R?
= 0.9971) between glucose concentration (mM) and current (pA). d) The detection limit (mM) for glucose concentration across the three different MNs. e) The
sensitivity (1A mM ' cm™~2) of the biosensor remains consistent (9.46-9.68 pA mM ' cm~2) across all MN types. f) The sensor’s selectivity towards other interferents
such as AA, UA, LA, and AP. Glucose shows a sharp current response (- 6.93 pA), while other interferents show minimal current. g) Repeated measurements at 5 mM
glucose concentration showing consistency with low variation in current response across different runs (n = 12).
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further tested separately for the selectivity test on agarose gel containing
alSF with common interferent (AP, LA, UA, AA) and with the presence of
glucose (5 mM). The results highlight a significantly higher current in
the presence of glucose compared to the current response from the
interferents (Fig. 7f). It is evident that the sensor is highly selective to-
wards glucose and expected to be not interfered with by other common
substances present in ISF. In terms of sensor stability, the relative
standard deviation (RSD) was calculated as 5.37 % based on multiple
runs (Fig. 7g). The consistent current response across the repeated
measurements indicates good sensor stability [40,41].

3. Challenges and considerations in translation of the
technology

MN patches present promising opportunities as a practical alterna-
tive to conventional blood tests. This study presented a novel swellable
MN patch and a biosensing platform to enable on-site glucose detection
through an optimized applicator-assisted insertion method. Despite the
advances and developments of MN technology so far, several challenges
remain during the fabrication, administration, and commercialization
process that need to be considered to make it a viable commercial
product. Therefore, further research is required to develop a sound
commercial product. Some of the key challenges and considerations are
discussed in this section.

MN Manufacturing: MNs are manufactured using various techniques,
each suitable for making specific materials. Manufacturing methods
come in different fabrication times, accuracy, production costs, robust-
ness, precision, and limitations. While the experimental techniques can
effectively yield high-fidelity MNs for research or small-batch produc-
tion, industrial-scale commercialization often requires automation and
high-throughput processes. For example, 3D printing can be pro-
grammed sequentially to produce the MN patches in batch. At the same
time, automation of the mold filling and demolding process can create
opportunities for mass-scale production of MN patches [42]. Overall,
advanced 3D printing platforms could enable faster production by
directly printing MN patches from the formulated swellable material
solution. Dimensional parameters, including the expected shrinkage
during 3D printing, can be adjusted by optimizing print settings and
design specifications. If mold replication (e.g., PDMS-based) is
preferred, improving the mold-filling, drying and demolding steps can
also significantly reduce the production time. Adapting the current
methods with more scalable approaches would be essential before
large-scale commercial development could be achieved.

MN Biocompatibility: Ensuring the biocompatibility of materials is
fundamental to developing safe and effective MN patches. The materials
used for the proposed patches are generally considered biocompatible.
For example, the small amount (4 %, w/v) of PVA used in the MN so-
lution is a biocompatible, water-soluble polymer commonly found in
MN formulations [9,26,43-45]. Therefore, it is highly unlikely to
accumulate in the skin or local draining lymph nodes during application.
Instead, it may gradually break down into components the body natu-
rally excretes (e.g., in urine). However, high concentrations of PVA may
accumulate in lymph nodes and potentially lead to tissue reactions or
organ effects [46], which is not the case in MN applications.

MN application time: For successful extraction and reliable bio-
sensing, the developed MNs must remain inserted for 5 min, providing
enough time to collect higher volume (>5 pL) of ISF. Although pro-
longed application times (>5 min) may offer higher ISF uptake, they can
be impractical and increase discomfort. While blood tests using hypo-
dermic needles can be conducted in a few minutes, the time required to
visit a medical facility and have blood drawn by a trained professional is
often more time-consuming and may not be an option in resource-
limited settings. In contrast, MN patches have the potential to be self-
administered, and biomarkers such as glucose can be detected with
high accuracy within a short period. Application times of less than 5 min
may reduce the extracted ISF volume, potentially nullifying the
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detection of glucose concentration in the ISF, as discussed earlier.
Therefore, a 5-min application time was deemed reasonably acceptable
for the MN patches to be effective in biosensing applications.

MN insertion method: The insertion technique is an equally impor-
tant factor for ensuring reliable performance. As discussed earlier, the
proposed applicator-assisted method is critical for achieving consistent
and precise MN penetration. By controlling both the velocity and angle,
the applicator presented in this study enabled reproducible and accurate
insertion, minimizing variability and enhancing the performance of the
overall insertion process in point-of-care. In contrast, without an
applicator, insertion relies on manual application, which can vary from
person to person, leading to inconsistent depth, uneven force, and po-
tential discomfort or reduced effectiveness. The proposed applicator also
provides a simple feedback system (a click) through the insertion trigger
system to confirm the successful activation of the plunger on the test
sample during insertion. Moreover, the applicator system relates to the
principles of impact velocity and vibration mechanisms commonly used
by mosquitoes and honeybees for enhanced insertion and efficiency [47,
48]. During application, the applicator delivers a consistent impact at
4.5 m s~! (with and without vibration) onto the sample, improving the
overall performance of the MN application, which is discussed in this
study and our previous work [49]. While the current experimental
applicator system primarily assessed the feasibility of impact velocity
(4.5 m s™!) and vibration (100 Hz) on MN penetration, extraction, and
recovery, future miniaturized versions could incorporate microelec-
tronics for real-time feedback and suction capabilities that are similar to
the existing commercial systems [50].

MN stability, storage and packaging: Proper storage is also important
to ensure the stability of MN patches, as environmental factors such as
temperature and humidity can significantly impact their mechanical
strength. After peeling off the MN from the molds, the patches were
stored at 4 °C for further use. The MN patches remained stable in
standard room temperatures (25 °C-30 °C) under a controlled envi-
ronment (e.g., incubator). Exposing the proposed MN patches to direct
heat (e.g., sunlight) or leaving them at temperatures above 30 °C for
extended periods (e.g., >24 h) can cause them to dissolve partially. To
prevent damage during transportation, MN patches should be packaged
with desiccants to control the moisture. Cold chain logistics (4 °C) can
help maintain stability, and clear storage guidelines on the packaging
can assist distributors and end users maintain the integrity of the MNs;
however, this requires further and more detailed research optimization.

MN disposal: Since the MN patches are small and made of biocom-
patible materials, they can be safely disposed of in regular waste.
However, swellable MNs are designed to be dissolved after extraction
and be used on the SPEs for glucose detection. The leftover solution
typically contains dissolved MN materials and a small volume of ISF.
Under most circumstances, this solution can be disposed of down the
drain or with regular laboratory liquid waste, provided it does not
contain any hazardous substances. However, local regulations and
institutional guidelines for biomedical or chemical waste disposal
should always be followed to ensure safety and compliance.

Safety regulations and sterility: Regulatory considerations can also
play a crucial role in ensuring the safe use of MNs. Breaking the skin
barrier introduces potential infection risks; therefore, regulatory bodies
such as the TGA (Therapeutic Goods Administration, Australia) or FDA
(Food and Drug Administration, USA) require sterilization of the MN
patches [51,52]. For example, gamma radiation sterilization can be used
to sterilize the proposed MN patches and remove microorganisms
without damaging the MN structure or functionality of the material.

An overall structured framework for the MN patch development and
safety considerations is shown in Fig. 8.

4. Conclusion

The increasing demand for non-invasive, efficient methods for ISF
extraction for biomarker analysis has highlighted the limitations of
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Fig. 8. A structured overview of the key aspects of MN patch development, application, and safety considerations. The framework comprises four main categories:

manufacturing, biocompatibility, application, and safety.

traditional approaches, particularly in obtaining sufficient fluid volumes
within an acceptable time. To address these challenges, this study suc-
cessfully developed a novel osmolyte-driven spiral MN platform that can
rapidly collect ISF and facilitate on-site glucose detection using an
electrochemical biosensor. The MN design with interlocking capability,
made from a swellable polymer matrix with gelatin, PVA, SAP, and
osmolytes (maltose), effectively addressed these challenges by enabling
rapid ISF extraction of ~7 pL in just 5 min while maintaining the
structural integrity during skin penetration.

Introducing an applicator-assisted insertion method greatly
improved penetration ISF uptake, efficiency and depth compared to
traditional manual insertions. This standardized approach reduced
variability and user error, ensuring consistent ISF extraction across
different applications. The ability to directly detect glucose from the
recovered ISF using SPEs without post-processing offers a significant
advantage over traditional blood glucose testing. The large volume
extracted coupled with one-time SPEs should be sufficient for on-site
glucose monitoring, with potential applications beyond diabetes man-
agement to detect other biomarkers in ISF. Thus, developing this MN-
based biosensor system addresses the need for a highly efficient, mini-
mally invasive, and user-friendly platform for glucose management in
clinical and non-clinical settings, paving the way for broader diagnostic
applications and personalized healthcare solutions.

5. Experimental section
5.1. Materials and instrumentations

Polyvinyl alcohol (PVA, Mw 89 kDa, fully hydrolyzed), gelatin from
porcine skin (type A, 300g bloom), p-glucose, agarose (low EEO), Dul-
becco’s phosphate-buffered saline (PBS, pH 7.1-7.5), bovine Serum
Albumin (BSA, purity >96 %), glucose oxidase from Aspergillus niger
(type X-S), ascorbic acid (AA), sodium 1-lactate (purity >99 %), lactic
acid (LA), uric Acid (UA), acetaminophen (AP), Poly (acrylic acid, so-
dium salt, Mw ~8,000, 45 wt% in Hy0, SAP), solutionPrussian blue,
Rhodamine B (purity >95 %), single-walled carbon nanotube (purity
>98 %) and Parafilm® were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Sylgard 184 silicone elastomer was obtained from Dow Corning
(Midland, ML, USA). Artificial interstitial fluid (aISF, pH 7.4) was pur-
chased from Biochemazone (Alberta, Canada). A commercial gluc-
ometer (Accu-Chek, Roche Diagnostics, IN, USA) was purchased from
Chemist Warehouse (Brisbane, Queensland, Australia). Nafion™
D520CS (alcohol based 1000 EW at 5 % weight) was purchased from Ion
Power Inc. (Detroit, USA). Screen-printed electrodes (SPE) and con-
nectors for SPEs (DSC4MM) were obtained from Metrohm (Gladesville,
NSW, Australia). Autolab potentiostat (PGSTAT302 N, Metrohm) with
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NOVA (version 2.1) was used for electrochemical characterization.

Freshly butchered (<36 h) porcine skin was obtained from a local
butcher shop (Queensland, Australia). Experiments were conducted
under the approval of the Ethics Committee of the University of
Southern Queensland (UniSQ), Australia (Ethics approval number:
23BIOS008). All materials used in this study were of the highest quality
and were used without further purification.

5.2. Master MN patch and PDMS negative mold preparation

Master MNs were designed in SolidWorks 2024 (Dassault Systemes,
SolidWorks Corporation, MA, USA) with a 1 mm height and 0.3 mm base
diameter. The design incorporated two squares within the structure to
produce the anti-clockwise twist. The master patch was fabricated using
the state-of-the-art microArch® S240 3D printer (BMF, Maynard, MA,
USA) using silicone castable resin. Post-printing, MNs were cleaned with
ethanol to remove any uncured resins and washed in ultra-pure water.
The master MN patches were used to create the negative molds using
soft lithography. To prepare the PDMS solution, the silicone elastomer
base and curing agent (SYLGARD 184 Silicone Elastomer Kit, Dow
Corning, Midland, MI, USA) were mixed at a 10:1 ratio (base: agent) and
centrifuged (Kurabo KK-50S, Kurabo Electronics, OSK, Japan) for 4 min.
The mixture was poured onto the master MN patch placed in the center
of a Petri dish and cured at 90 °C for 2 h in a laboratory oven (Labwit
Scientific, ZXRD-A5055, Australia). Once fully cured, the PDMS was
peeled off from the mold for MN replication.

5.3. Fabrication of the swellable MNs

A 6 % (w/v) gelatin was added to warm ultrapure water and stirred
vigorously at 70 °C until completely dissolved. A 4 % (w/v) PVA solution
was prepared separately in PBS while continuously stirring at 70 °C
overnight to ensure proper mixing. A small amount of SAP was added to
the homogenous PVA solution, which was then stirred and sonicated for
an additional 6 h at 70 °C. The gelatin and PVA (6/4, w/v) mixture was
then vortexed and sonicated to prepare the initial Gelatin/PVA solution.
Afterwards, the temperature was reduced to 60 °C, and varying con-
centrations of maltose (0 %, 3 %, 5 %, w/v) were added to the mixture.
The solution was stirred for another 4 h to incorporate the maltose fully.
Finally, ~180 pL of the prepared solution was added to the PDMS mold
and centrifuged at 4000 rpm for 5 min, followed by four consecutive
overfills at ~ 45-min intervals. The MNs were then dried at room tem-
perature for ~36 h before being peeled off.

5.4. Morphology characterization of MNs

The morphology of the spiral MNs was analyzed using a digital
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microscope (DSX1000, Olympus, Japan) at varying magnifications ( x
20 and x 40). The imaging process included adjustable tilt angles be-
tween 0° and 45° to capture detailed views of the structures. The
captured images were post-processed using the LEXT (Olympus, Japan)
software. The spiral MNs were further examined using a scanning
electron microscope (SEM, JSM-7001F, JEOL, Japan) for a more
detailed assessment. To prevent charging during SEM imaging, the MNs
were sputter-coated with a 12 nm layer of platinum. The SEM images
were captured in high vacuum mode (HighVac) at an accelerating
voltage of 10 kV and a magnification of x 50. The MN patches were
carefully de-molded immediately before imaging to avoid damage.

5.5. Swelling tests in alSF

To determine the swelling ratio of MNs, the initial dry weight of the
MN patch (Wq4) was recorded and then submerged in aISF at 37 °C for 5
min to record the wet weight (W) at 1-min intervals. Since the appli-
cation time for MNs should be short (>5 min), weight changes over only
5 min were considered and calculated using the following formula:

Wy - Wy

Wa @

Swelling ratio (%) = { } x 100

5.6. Mechanical compression test

Compression tests were performed to evaluate the mechanical
properties of the MN patches. A 15 x 15 MN patch was attached to the
fixed plate of a low-force UTM (Instron 3343, Instron, MA, USA) using
double-sided tape to secure the needle-side up. The MN patch was
subjected to compression at a speed of 0.5 mm/min, reaching a
maximum displacement of 0.5 mm under a 50 N static load cell.
Throughout the test, force-displacement data was collected to calculate
the compressive modulus (E) from the stress (c) and strain (e) curves.

F
Stress (6) = A ()
Strain (e) = V(t-to) 3
Compressive modulus (E) = % ()]

Where F is the applied compressive force (N), A is the cross-sectional
area of the MN patch where the compressive force is applied (mm?), V
is the set rate of the load cell of the UTM, t is time of elastic deformation
and ty is an approximate time when the load cell first reaches the MNs.

5.7. Setup of MN applicator system

The custom-designed MN applicator was fabricated using a 3D
printer with polylactic acid (PLA) filament based on the dimensions
from our previous studies [22]. The setup included Eccentric Rotating
Mass (ERM) vibration motors, a diode rectifier, a lithium polymer bat-
tery, a potentiometer, transistors, and resistors, all managed through the
Arduino Integrated Development Environment (IDE). This configuration
allowed for real-time adjustments to vibration frequencies, which could
be adjusted through the IDE programming. In the modified version of
the applicator, two ERM motors were positioned parallel to the plunger
to generate symmetrical, transverse vibrations. This dual-motor
arrangement, controlled by Arduino IDE, improved the uniformity of
vibration across the plunger head, which addressed the limitation of
earlier designs that used a single motor that may produce non-uniform
vibrations. The Arduino platform enabled precise control of vibration
frequency (100 Hz) through the Arduino IDE, eliminating the in-
consistencies associated with the potentiometer knob. However, the
potentiometer was retained as a backup for manual voltage adjustment
to the motors, ensuring flexibility in the absence of the Arduino IDE. The
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added transistors were to amplify the signal, whereas diodes were to
protect against reverse voltage spikes. Additionally, resistors were used
to regulate the current flowing through the transistors and motors for
safe and efficient functionality. The plunger’s speed was set at 4.5ms ™},
generating an impact energy of 215.46 mJ. The applicator was activated
via a push-button mechanism to strike the test sample. The impact ve-
locity was validated through high-speed camera analysis and theoretical
modeling, as established in our earlier studies [21]. Fig. 9a and b il-
lustrates the circuit configuration and shows the design configuration of
the applicator system, including key components, connections, and an
image view of the circuit assembly.

5.8. Extraction, detection and recovery of ISF In vitro and ex-vivo

A 1.4 % (w/v) agarose gel was prepared in alSF containing different
glucose (5 mM-30 mM). MN patches were applied to the agarose model
for 5 min to simulate ISF extraction. The change in weight before (Wy)
and after insertion (W,,) was measured using the following formula to
determine the volume of ISF extracted:

ISF Volume Extracted (pL) =W,, - Wy (®)

For the ex-vivo model, fresh porcine skin was sourced from a local
butcher, then cut into small blocks (3 cm x 3 cm) and soaked in alSF for
30 min. The thickness of the porcine skin was measured at ~ 3 mm. Any
excess alSF was wiped off, and the skin was placed on an anti-slip sur-
face. The holes were inspected, and depth was captured using a digital
microscope (DSX 1000, Olympus, Japan) and assessed using the
advanced function of the LEXT software (Olympus, Japan). After
removal, the MN patch was immediately transferred to a tube containing
50 pL of PBS solution and heated at 60 °C for 15 min to dissolve. The
sample was then vortexed for 1 min to ensure complete dissolution,
followed by centrifugation at 4000 rpm for 5 min to prepare the sample
solution. The sample supernatant was collected and analyzed using a
highly sensitive glucometer for glucose concentration, and the recovery
percentage of glucose was calculated using the following formula:

Detected glucose concentration (mM)

100
Actual glucose concentration (mM) *

Glucose Recovery (%) = (6)

5.9. Insertion efficiency and penetration depth of MNs

A commercially available Parafilm sheet was folded into eight layers
(each 127 pm thick, totalling ~ 1 mm) to mimic human skin for the
initial insertion test. The MN patch was then applied to this setup, using
both manual insertion and with the custom applicator without vibration
(0Hz,4.5m s~ 1) and with vibration (100 Hz,4.5m s~ D). After applying
the MN patches, each layer of the Parafilm model was examined for
successful penetration. The micro-holes were counted across the layers
to assess the number of successful insertions. Insertion efficiency was
calculated using the following formula:

Number of MN successfully penetrated

Insertion Efficiency (%) = Total number of MNs

x 100
@)

To measure penetration depth, high-resolution images of the micro-
holes were captured using the DSX 1000 microscope and LEXT software.
The penetration depth was determined by counting the number of Par-
afilm layers pierced and further validated using LEXT software analysis
using the following formula:

Total Penetration Depth=Ly + Ly + L3 + --- + L, 8)
Where each L represents the thickness of a pierced layer.

Similarly, insertion efficiency and penetration depth were assessed
on porcine skin using the DSX 1000 microscope, following the prepa-
ration method described previously. The application sites on the skin
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Fig. 9. Schematic of the circuit and design of the applicator system for MN insertion. a) Circuit diagram illustrating the Arduino Uno microcontroller connection to
other electronic components of the system. b) Internal configuration of the applicator, featuring a movable plunger, insertion trigger, compression spring, and
connection to ERM motors for vibration, along with a circuit assembly to power and control the system.

were examined for micro-holes, and insertion efficiency was calculated
in the same way as for Parafilm. For penetration depth, the microscope’s
advanced digital features were used to create a 3D image of the insertion
hole and quantified by converting the 3D image data into numerical
values.

For the agarose gel model (1.4 % w/v), the primary focus was ISF
extraction. However, for consistency, penetration holes and depth were
analyzed using the same methodology as Parafilm and porcine skin for a
uniform approach across all models.

5.10. Screen-printed Prussian blue/carbon electrode

The experiments used commercially available screen-printed elec-
trodes (SPEs) from Metrohm DropSens (Gladesville, NSW, Australia)
printed on a 34 mm x 10 mm x 0.05 mm ceramic substrate. The setup
included a conventional three-electrode system: a working electrode
(WE), a counter electrode (CE), and a reference electrode (RE). WE was
modified using Prussian blue/carbon, CE was made from carbon, and
the RE was made of silver (Ag).

5.11. Preparation for the glucose detection

First, the impact of SWCNTs on the amperometric responses of bare
and MWCNT-modified electrodes was evaluated (Fig. S4). Then, an
enzymatic layer containing GOy, BSA, and chitosan modified with
SWCNTs was applied to the SPE for selective glucose detection. Briefly,
1 wt% chitosan solution was prepared in 50 mM acetic acid under mild
heat (50 °C) with continuous stirring overnight. SWCNTs were added to
the chitosan solution and mixed for 1 h. Next, 3 pL of the chitosan-
SWCNT mixture was applied to the WE and allowed to dry for 30 min.
Following this, 3 pL of a 50 mg/mL GOy solution with a 15 mg/mL BSA
solution were drop-cast onto the working electrode and dried overnight
at — 4 °C. GOy and BSA stock solutions were stored in the freezer at —
20 °C while the chitosan mixture was stored at — 4 °C. To help prevent
interference from negatively charged substances that can affect accurate
glucose detection, 2 pL of a 0.5 wt% Nafion solution was applied to the
WE as a selective barrier and allowed to dry for 30 min. The biosensor
was then stored at — 4 °C before the electrochemical analysis.

5.12. Immobilization of GOx and Chronoamperometric measurement

In order to assess the effect of GOy, two separate electrodes were
investigated in the presence and absence of GOy (bare) within the buffer
solution (0.1 M PBS) with varying glucose concentrations (0 mM-15
mM). GOy binds in the presence of glucose and facilitates oxidation by
producing hydrogen peroxide (H202). The formed H2O2 oxidizes PB to
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change its reduced state (PB.q) to an oxidized state (PBoy). The pro-
duced PB is then reduced back to PB4 on the WE at an applied voltage.
During the process, PB acts as a catalyst mediator in the reduction of
H0, that allows low potential selective detection of HoO3 at a potential
that is nearly 0 V. This low potential is necessary to prevent the oxida-
tion of interfering substances. The current produced during the reduc-
tion of PBy reacts with electrodes and is proportional to the
concentration of glucose. Equations (9) and (10) shows the working
mechanism of glucose detection using the Prussian blue/carbon
electrode:

Glucose + O, 5%, Gluconic Acid + H,0, 9)
H,0, 22 0, +2H" + 2e” (10)

The amperometric response of the biosensor was measured in 0.1 M
PBS solutions with the same glucose concentrations varying from 0 mM
to 15 mM based on typical glucose levels in human ISF. A low potential
of — 0.15 mV was applied between RE and WE and ran for 60 s to
generate the current produced by the reduction of HyO,. Starting at a 0
mM glucose concentration, the concentration was increased to 15 mM
separately to prepare and mix the solution after the addition of glucose.

5.13. Calibration and detection limits of biosensor

The obtained average current value (with glucose) was adjusted by
subtracting the average background current (without glucose). These
net current values at each glucose concentration were then plotted
against the corresponding known glucose concentrations to generate a
calibration curve. The limit of detection (LoD) was calculated using the
formulas below:

o . 30
Limit of detection (LoD) = < an
Where o is the standard deviation of the background signal response,
and S is the slope of the calibration curve.

5.14. Statistical analysis

All experiments were performed five times (n = 5), and data were
presented as mean =+ standard deviation (SD). Statistical analyses were
performed in GraphPad Prism (version 10.0), where group differences
were analyzed using a two-tailed t-test for pairwise comparisons, and
one-way ANOVA with Tukey’s post-hoc test was employed for multiple
group comparisons. P-values <0.05 were considered statistically sig-
nificant, with significance levels denoted as *p < 0.05, **p < 0.01, ***p
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< 0.001, and ns = non-significant differences.
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