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Although the diagnostic utility of interstitial fluid (ISF) has been extensively explored, collecting and
sensing ISF remains challenging. Microneedle devices offer a promising approach as a minimally invasive
method to obtain ISF in a small volume or to sense biomolecules in the ISF within the body. However,
conventional enzymatic measurements consume target molecules, compromising sensing reliability,
especially in a small volume. To overcome the above issue, we developed fluorescence-based optical
microneedles for non-consumptive molecular sensing within tiny ISF samples. The optical microneedle was
functionalized with a small-volume fluorescent hydrogel block at its tip. The hydrogel block measured
100 um in diameter and 100 um in length, with a total volume of 0.79 nL. The microneedle made of
amorphous poly-L-lactide (PLLA) had a high-aspect ratio shape (500 um in base diameter, 200 um in top
diameter, and 2 mm in length), reaching the ISF near the vascular plexus in the reticular layer. In addition, the
fluorescent hydrogel was functionalized with boronic acid, which reversibly binds to p-glucose. As proof of
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our technology, we conducted p-glucose sensing using an optical microneedle. The average value of
measurement errors from actual b-glucose concentrations was calculated to be 5.6% in the range of 6.1 to
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1. Introduction

Wearable biosensors have emerged as a promising technology
for monitoring human physiological states, particularly for their
role in advancing healthcare and enabling the early diagnosis of
diseases."” Bioabsorbable polymers are promising materials for
biosensing devices. Recently, microfabrication technologies have
been developed to minimize the invasiveness of such devices.>*
In this context, microneedles made of bioabsorbable polymers,
originally developed for minimally invasive transdermal drug
delivery,”™® have attracted interest for diagnostic applications
because of their molecular sensing capabilities.”*™”
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37.5 mM. Therefore, it was confirmed that the microneedle device is useful for ISF measurements.

The interstitial fluid (ISF) contains numerous biomolecules
that are useful for diagnosis. The most notable diagnostic
application of ISF is in the monitoring of p-glucose levels to
manage diabetes. Several devices for continuous glucose moni-
toring have already been adopted in clinical practice.'®° Because
of their success in monitoring p-glucose via ISF, the utility of ISF
for diagnosis has been gaining increasing attention. However,
collecting diagnostically relevant ISF is more challenging than
collecting blood because extracting dermal ISF disrupts the deli-
cate pressure balance between the inside and outside of blood
vessels.** Therefore, methods for sampling ISF with extraction of
small volumes (sub-nanoliters) of liquid or for in situ sensing of ISF
using miniaturized sensors are necessary.

First, one of the critical technical barriers in molecular
measurement within such small volumes lies in the use of con-
ventional approaches using enzymatic reactions (e.g. glucose
oxidase-based assays). These methods inevitably consume the
target molecules during detection, thereby perturbing their origi-
nal concentration and compromising the reliability of the
measurement especially for small volume samples. To address
this limitation, fluorescence-based techniques, which do not con-
sume the analyte during detection, offer a promising solution. The
present study provides a technological advancement by realizing
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glucose sensing for small volumes of sub-nano-litter ranges at the
microneedle tip through a fluorescence-based method.

Second, for molecular sampling and sensing in the body
using microneedles, it is preferable for the microneedles to
reach the ISF near the vascular plexus in the reticular layer.
Previously, we developed poly-i-lactide (PLLA) microneedles
with a length of 2 mm that reach the reticular layer.”* These
PLLA microneedles were fabricated using vacuum-assisted
molding processes, which could insert into porcine skin
tissues.”> Moreover, to develop microneedles for diagnosis,
we have reported a fabrication technique for functionalizing
the tips of PLLA microneedles using hydrogel photopolymer-
ization, enabling them to extract small volumes of liquid or
sense biological molecules within the body.>*

In this paper, p-glucose sensing using PLLA microneedles
was conducted to prove our fluorescence-based technology. Our
device uniquely achieves glucose detection in sub-nanoliter
volumes at the needle tip, thereby enabling highly localized
and short-term measurements in the body. Optical micro-
needles functionalized with a fluorescent hydrogel containing
boronic acid, which reversibly binds to p-glucose, were fabri-
cated, and their responsiveness to varying p-glucose concentra-
tions in solution was evaluated. These experiments demonstrated
the potential of optical microneedles as a platform for sensing
various biomolecules.

2. Experimental
2.1 Concept of in situ fluorescence sensing

Fig. 1a and b depict schematics of in situ fluorescence sensing
using a microneedle with a high-aspect ratio. The microneedle

a
Focal lens \
Poly-L-lactide (PLLA) microneedle
with high-aspect ratio
Fluorescent hydrogel block
Blood vessel
b Hydrogel block

/ ;Fluorescent probe
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was designed to have a length of 2 mm, allowing it to reach the
ISF near the blood vessels. Optically transparent PLLA micro-
needles were used as optical waveguides. The microneedle tip
was functionalized with a hydrogel block and fixed to a fluor-
escent probe, as shown in Fig. 1b. The hydrogel block facilitates
the sampling of ISF with sub-nanoliter volumes of liquids and
serves as a reaction space for sensing biological molecules in
the body.

2.2 PLLA microneedle with gradient index lens

PLLA is one of the most promising thermoplastics and is
known for its high strength and modulus. It holds significant
potential for biomedical applications as a bioabsorbable and
biocompatible semicrystalline polymer.>>” In this study, the
device was designed to integrate the PLLA microneedle with a
gradient-index (GRIN) lens, enabling precise light focusing on
the position of the microneedle tip. The PLLA microneedle with
a high aspect ratio (500 um in base diameter, 200 pm in top
diameter, and 2 mm in length) was produced through vacuum-
assisted molding processes adapted from the literature, as
shown in Fig. 2. A phosphor bronze master mold of a micro-
needle with a pocket structure (100 pm in diameter and 100 um
in depth) was manufactured using an ultra-precision mechan-
ical processing machine (ROBONANO ¢-0iB, FANUC Corp.,
Japan). Poly-dimethylsiloxane (PDMS) (BASE:CAT = 10:1.5)
was cured (120 °C, 2 h) on the master mold. The cured PDMS
mold was then removed from the master mold. Then, the
PDMS mold and PLLA pellets were degassed at 0.1 hPa for
10 h. PLLA pellets were melted at 0.1 hPa and 195 °C. After
quenching for 5 min on a thermoelectric cooler set to 10 °C to
rapidly pass through its crystallization temperature (120-130 °C),
the PLLA microneedle was demolded from the PDMS mold.

—— Excitation light
Fluorescence light

Subcutaneous tissue

N

itation

AR

t Flugrescence light

)

N Biological molecule in ISF

Fig. 1 Schematic illustration of in vivo fluorescence sensing using a microneedle. (a) PLLA microneedle with high-aspect ratio (500 um in base diameter,
200 um in top diameter, and 2000 um in length) with a hydrogel block (100 um in diameter and 100 um in length, total volume: 0.79 nL) at the needle tip.
(b) Schematic illustration of functionalized microneedle tip. The hydrogel block enables the extraction of biological molecules by diffusion and serves as a

reaction space for in situ molecular sensing.
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Fig. 2 Fabrication process of PLLA microneedle with the GRIN lens using vacuum-assisted molding process. Initially, PDMS was cured (120 °C, 2 h) on
the master mold and removed from it. Subsequently, the PDMS mold and PLLA pellets were degassed at 0.1 hPa for 10 h. PLLA pellets were melted at 0.1
hPa and 195 °C for 9.5 hPa. After quenching for 5 min with an aluminum lid, the PLLA microneedle was demolded from the PDMS mold and
photobleached for 5 h. Finally, the fabricated PLLA microneedle and the GRIN lens were integrated using optical adhesives.

Subsequently, UV light (382 nm, 853 mJ mm ?) was irradiated
onto the PLLA microneedle to induce photobleaching. This pro-
cess was performed to eliminate the influence of PLLA autofluor-
escence during sensing using the device. Finally, the fabricated
PLLA microneedle and the GRIN lens were integrated using
refractive-index-matching adhesives (Thorlabs, NOA65). A specially
designed GRIN lens (NA: 0.51, 1.8 mm diameter and 2.4 mm
length) was fabricated by Go; Foton Japan R&D Systems.

2.3 Crystallinity and optical transmittance measurements

To clarify the optical properties of PLLA, the crystallinity and
optical transmittance of PLLA sheets (20 mm in width, 20 mm
in height, and 0.1 mm in thickness) were measured. Crystal-
linity was measured using an X-ray diffractometer (Rigaku,
SmartLab). X-ray diffraction measurements were performed
by irradiating the PLLA sheet samples fixed in a slit with a
1000 mm-wide parallel X-ray beam. The measurement range
was 5.0° to 50°, with a step width of 0.050° and a scan speed of
20° min~*, recording the diffraction intensity in counts per
second (cps). The optical transparency was evaluated using a
spectrophotometer (JASCO, V670). The scan speed was set to
1000 nm min ', and the measurement range covered wave-
lengths from 3200 to 190 nm to record the transmittance (%7).

2.4 Synthesis of glucose responsive fluorescent hydrogel

Photopolymerization provides spatial control during the for-
mation of three-dimensional hydrogels. In this study, UV light
was focused on microneedle tips for photopolymerization dur-
ing functionalization. Hydrogels were formed by copolymeriz-
ing acrylamide and N,N’-methylenebis(acrylamide) via free-
radical polymerization. The photoinitiator 2-hydroxy-4’-(2-hydroxy-
ethoxy)-2-methylpropiophenone (Irgacure™ 2959) was sourced
from Sigma-Aldrich. Acrylamide was purchased from Bio-Rad
(Hercules, CA). N,N-methylenebis(acrylamide) was obtained
from FUJIFILM Wako Pure Chemical Corporation.

This journal is © The Royal Society of Chemistry 2025

A boronic acid-based anthracene monomer was prepared
to functionalize the hydrogel for p-glucose sensing as a proof
of technology.>® The modification of hydrogels to contain
boronic-acid binding motifs enables the optical properties of
the hydrogel to be reversibly modulated through exposure to
saccharide-containing stimuli. The solution for p-glucose
responsive fluorescent hydrogels (Glu-Flu hydrogel) was
prepared by dissolving 2.42 wt% Irgacure®™ 2959, 19.4 wt%
acrylamide, 1.45 wt% N,N’-methylenebis (acrylamide) and
0.03 wt% boronic acid-based anthracene monomer in metha-
nol (Scheme S1).

2.5 Functionalization of microneedle tip

Using the fabricated PLLA microneedle with the pocket struc-
ture, the hydrogel embedding process was performed following
a previous report.>* Fig. 3 depicts the schematic illustration of
the hydrogel embedding process at the needle tip using photo-
polymerization. First, the PLLA microneedle was immersed in
the monomer solution, and its tip was attached to the surface
of the elastic PDMS sheet. The irradiated light was introduced
into the PLLA microneedle from the base using a GRIN lens.
The microneedle tip was irradiated (382 nm, 0.83 W mm™?).
Subsequently, the microneedle was removed from the mono-
mer solution and immersed in water for 20 min to replace
methanol with water.

2.6 Numerical analysis of p-glucose diffusion

Computational simulation of mass transportation was con-
ducted using a finite element method (FEM) simulator (COM-
SOL Multiphysics 6.3). Diffusion coefficient of p-glucose was set
as 220 um cm 2. The initial concentrations of p-glucose in the
hydrogel at the microneedle tip and the surrounding ISF were
set to 0.0 and 40.0 mM, respectively. Calculations were per-
formed over the range of 0 to 200 s.

J. Mater. Chem. B, 2025,13,15273-15281 | 15275
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Fig. 3 Embedding process of fluorescent hydrogel at the microneedle tip
using photopolymerization method. Initially, the tip of the PLLA micro-
needle was immersed in the monomer solution, filling the pocket struc-
ture. Subsequently, irradiation light (382 nm) was delivered through the
inside of the PLLA microneedle, initiating the photopolymerization reac-
tion at the microneedle tip. Finally, methanol was replaced with water.

2.7 Fluorescence measurements

The boronic acid group of the Glu-Flu hydrogel reversibly binds
to p-glucose in the solution. Glucose sensing can be performed
by measuring changes in the fluorescence intensity of the
Glu-Flu hydrogel in response to the p-glucose concentration.
The p-glucose responsiveness of the Glu-Flu hydrogels was
normalized to the fluorescence intensity ratio relative to the
intensity at a p-glucose concentration of 0 mM.

First, bulk samples (8 mm in diameter and 0.5 mm in
thickness) with boronic acid-based anthracene monomer
concentration of 0.03 wt% were fabricated. Subsequently, the
fabricated hydrogels were fixed in glass cells and immersed in
p-glucose solutions of various concentrations. After sufficient
immersion, fluorescence spectra were obtained in the range of
395-460 nm at an excitation wavelength of 382 nm using a

— Ex: Peak wavelength of 382 nm
Em: Peak wavelength of 420 nm

. g
Laser diode (LD) ‘ 'Q‘ !
Band pass filter /

(CWL: 375 nm, FWHM: 28 nm)

Microneedle tip

Glucose-responsive
fluorescent hydrogel
(Glu-Flu hydrogel)

Glucose

\A;.J. °
[}

\.. °

- Ve
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spectrofluorometer (Shimadzu, RF-6000). The fluorescence
acquisition interval was set to 1.0 nm, and the scan speed
was set to 2000 nm min . For the fluorescence titrations, the
spectrometer parameters were fixed as: slit, 1.5 nm/5.0 nm,

scan speed: 2000 nm min ™.

2.8 Optical design for glucose sensing

Fig. 4 shows a schematic of the optical system used for
p-glucose sensing using the microneedles. The microneedle
tip, functionalized with the Glu-Flu hydrogel, was immersed
in p-glucose solutions of different concentrations. The excita-
tion laser light from a laser diode (NICHIA, NDU7212E) passed
through a bandpass filter (CWL: 375 nm, FWHM: 28 nm) and
was reflected by a dichroic mirror (Refl. (>95%): 350-407 nm,
Trans. (>95%): 415-650 nm). It is then focused onto the
microneedle tip using a GRIN lens. Subsequently, the fluores-
cence emitted from the Glu-Flu hydrogel passed through the
GRIN lens, dichroic mirror, bandpass filter (CWL: 431 nm,
FWHM: 28 nm), and convex lens (focal length: 25 mm) and was
detected by an avalanche photodiode (Thorlabs, APD410A2/M,
multiplication factor: 50). The dichroic mirror and bandpass
filter were sourced from Chroma Technology Corporation. Each
measurement result was obtained using a digital multimeter
while the laser was irradiated for 30 s.

3. Results and discussion
3.1 Fabrication of PLLA microneedle with GRIN lens

Fig. 5a and b show bright-field images of the fabricated
microneedle-type device with a GRIN lens. The high-aspect
ratio shape of the PLLA microneedle, with dimensions of
500 um in base diameter and 2 mm in length, was observed
in Fig. 5a. The distance from the tip surface of the microneedle
to the end surface of the GRIN lens was measured to be 5.5 mm,

Avalanche photo diode (APD)

.— Convex lens

- Band pass filter

(CWL: 431 nm, FWHM: 28 nm)

.— Dichroic mirror
(Refl.(>95 %): 350-407 nm,

Trans.(>95 %): 415-650 nm)
. GRIN lens
N 3 Microneedle

Glucose solution

Fig. 4 Schematic diagram of the optical system for p-glucose sensing. The excitation light was focused onto the microneedle tip functionalized with
Glu—Flu hydrogel. The microneedle tip was immersed into the p-glucose solution. The fluorescence light from Glu—Flu hydrogel was detected by APD.
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50 um

Fig. 5 Fabricated PLLA microneedle-type device. (a) Photograph showing the microneedle-type device. The length of the device was equivalent to the
tip of a matchstick. (b—d) SEM image of the PLLA microneedle tip (200 pm in top diameter) featuring the pocket structure for hydrogel embedding
(100 pum in diameter and 100 pum in depth) viewed from the top (b), at an angle (c), and from the side (d).

and the width of the device was measured to be 2.6 mm.
Fig. 5c-f display SEM images of the PLLA microneedle at low
and high magnifications, respectively. Additionally, the dia-
meter of the pocket structure at the needle tip was measured
to be 97 + 7 pm, confirming the precision of our molding
process.

3.2 Transparency of PLLA

To utilize PLLA microneedles as optical waveguides, they must
be optically transparent. In general, the crystallization of poly-
mer materials affects their optical transparency; therefore, it is
necessary to control the crystallization of the material during
thermal processing.?**° Fig. 6a shows the relationship between
the crystallization time and crystallinity of the PLLA sheets.
A fitting curve based on the Kolmogorov-Johnson-Mehl-
Avrami equation was obtained (see SI).*'* Additionally,
Fig. 6b shows the relationship between the crystallinity and
optical transmittance at 382 and 420 nm in the PLLA sheets.
The optical transmittance decreases exponentially with increas-
ing crystallinity. Therefore, it is desirable to fabricate PLLA in a
completely amorphous state so that microneedles can function
as optical waveguides.

70 ————r———rr———rr—r
60 é *-
50 * 3
40 E
30 § E
20 * 3
0 . ? 1 1 1

0 5 10 15 20

Crystallization time/min

Crystallinity/%

3.3 Embedding of hydrogel at microneedle tip

Fig. 7a shows the relationship between the embedded Glu-Flu
hydrogel’s thickness and the UV light’s energy (382 nm) irra-
diating the microneedle tip. The thickness increased linearly
until the irradiation energy reached 315 m]J, and the Glu-Flu
hydrogel fully filled the pocket structure. Fig. 7b and c depict
the optical microneedle with the Glu-Flu hydrogel embedded
at the tip. The volume of the pocket at the tip designed for
embedding a hydrogel block was 0.79 nL (100 um in diameter
and 100 um in depth). The boronic-acid-based anthracene
monomer bound to the polyacrylamide frame emitted fluores-
cence with a peak wavelength of 420 nm when excited at
382 nm. Fluorescence emitted by the hydrogel embedded at
the microneedle tip was observed through fluorescence images
(Ex: 382 £ 7 nm, E,;;: 431 £ 14 nm) as shown in Fig. 7c. Through
the combination of a focus lens (GRIN lens) and a waveguide
(optically transparent PLLA microneedle), the irradiation area
was localized at the microneedle tip.

3.4 Glucose diffusion at the microneedle tip

To precisely numerically estimate the reading time fort sensing
glucose using optical microneedles, FEM based on mass

80 f
70 F
60 F
50 F
40 F
30 E
20 F
10 F
(1) T

0 10

Transparence/%

20 30 40 50 60
Crystallinity/%

Fig. 6 The effect of PLLA crystallinity on its optical properties. (a) Relationship between crystallization time and crystallinity in PLLA sheets (20 mm in
width, 20 mm in height and 0.1 mm in thickness). (b) Relationship between crystallinity and optical transmittance at 382 nm and 420 nm in PLLA sheets.

Data are means + SD (n = 2-3).

This journal is © The Royal Society of Chemistry 2025
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UV light irradiated at the microneedle tip for photopolymerization of the Glu-Flu hydrogel during the embedding process. Error bars represent
measurement errors. (b) Overlay image of bright-field image and fluorescence image and (c) fluorescence image of functionalized microneedle tip with
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Fig. 8 Numerical analysis of b-glucose diffusion at the microneedle tip. Time sequential change of the concentration of b-glucose in the hydrogel at the
microneedle tip and the surrounding ISF was calculated. The plots show the concentration of b-glucose at the red point in the hydrogel.

transformation analysis was performed. Fig. 8 shows the time
sequential change of the concentration in the hydrogel at the
microneedle tip and the surrounding ISF. The fluorescence
response at the microneedle tip became detectable at 180 s with
over 95% accuracy of the concentration in ISF and responded to
localized concentration in ISF within 200 um in distance. The
rapid and localized measurement arises from two aspects: (1)
the sensor reads p-glucose directly at the tip so no bulk
extraction is required, and (2) the reading time is dominated
by p-glucose diffusion into the small volume sensing region
(sub-nL).

3.5 Glucose responsiveness of Glu-Flu hydrogel

Fig. 9 shows the relationship between the fluorescence inten-
sity ratio and the p-glucose concentration. A fitting curve based

15278 | J. Mater. Chem. B, 2025,13,15273-15281

on a theoretical equation was obtained from the measurement
results (see SI). The coefficient of determination (R*) of
the measured values against the fitting curve was 0.93. The
obtained fitting curve was used as the calibration curve for
p-glucose sensing using an optical system integrated with a
microneedle-type device embedded with a Glu-Flu hydrogel at
the microneedle tip.

3.6 Glucose sensing using microneedle-type optical system

Fig. 10 shows the results of the fluorescence sensing of
p-glucose concentration using a microneedle-type optical
system. The fluorescence from the Glu-Flu hydrogel at the
microneedle tip was measured after immersion in solutions
with p-glucose concentrations of 0, 6.1, 12.9, 21.5, and 37.5 mM.
Table 1 shows the calibration values for the p-glucose concentration

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Relationship between fluorescence intensity ratios (F/Fo) of
p-glucose-responsive fluorescent bulk hydrogel at 417-445 nm and
pD-glucose concentration in pH 8.50 buffer solution. F represents an
integrated fluorescence intensity from 417 nm to 445 nm. Fo represents
the value of F under p-glucose concentration of 0 mM. The calibration
curve was obtained by fitting the measured values based on a theoretical
equation (sample size: n = 3, coefficient of determination: R? = 0.93).
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Fig. 10 Fluorescence intensity ratios (F/Fo) at 417-445 nm obtained from
the fluorescence sensing using the optical system integrated with
microneedle-type device under p-glucose concentrations of 0, 6.1, 12.9,
215 and 375 mM in pH 850 buffer solution. Error bars represent
measurement errors. The curve represents the calibration curve obtained
from the experiments with bp-glucose-responsive fluorescent bulk
hydrogel.

Table 1 The calibration values of p-glucose concentration measured
using the microneedle-type optical system and their errors relative to
the actual p-glucose concentrations

[GLU)YmM F/F, Calibrated value/mM Error of calibrated value/%

6.1 1.15 6.5 4.9
12.9 1.20 11.7 9.6
21.5 1.25 21.5 0.0
37.5 1.28 34.6 7.9

calculated using the calibration curve, the measured fluorescence
intensity ratios, and their errors relative to the actual p-glucose
concentrations. The errors of calibrated value were calculated to be
4.9% at 6.1 mM, 9.6% at 12.9 mM, 0.0% at 21.5 mM, and 7.9% at
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37.5 mM. For reference, a blood glucose meter for self-testing must
have at least 95% of its measurements within a 15% margin of
error for p-glucose concentrations of 5.6 mM or higher.*

In this study, p-glucose measurement was feasible only
under weakly alkaline conditions (pH 8.5), consistent with a
previous report.>® However, the optical probe in the hydrogel
can be replaced with different optical probes. Therefore, follow-
ing the concept of fluorescence sensing using an optical
microneedle, the required sensitivity and selectivity for measur-
ing the target biomolecules can be achieved by switching to
other optical probes.

4. Conclusions

In this study, we evaluated the p-glucose responsiveness of
optical PLLA microneedles embedded in fluorescent hydrogels
at their tips. Optical microneedles were fabricated using
a vacuum-assisted molding and integrated with a focal lens
(GRIN lens). Glu-Flu hydrogels were embedded in microneedle
tips with a pocket structure using a photopolymerization pro-
cess. A calibration curve based on a theoretical equation was
obtained to evaluate the p-glucose responsiveness of the bulk
Glu-Flu hydrogel samples. As proof of our technology, the
p-glucose responsiveness of the optical microneedles to varying
p-glucose concentrations in solution was evaluated. Errors of
calibrated values from actual p-glucose concentrations were
calculated to be 4.9% at 6.1 mM, 9.6% at 12.9 mM, 0.0% at
21.5 mM, and 7.9% at 37.5 mM. An optical microneedle device
integrated with a mono-boronic acid-based fluorescent hydro-
gel was developed, and the evaluated values showed potential
for use in p-glucose sensing in ISF.
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