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Totally synthetic, mechanical strong microneedle patch

1. Introduction

Phenylboronic acid, a synthetic material that will not be
denatured nor trigger the immune system, is an attractive
candidate to insulin  delivery
system.1® Although our previous studies have reported a
microneedle (MN) patch with silk fibroin/boronate
semi-interpenetrating network hydrogel that possible to provide

realize glucose-responsive

a week-long on-demand insulin release, its glucose-sensitive
release profile was highly dependent on the temperature.* In
order to eliminate the safety concerns for clinical application,
we further improve the gel formulation and mechanical
property. The study mainly focusses on the following two parts:
1.1. Fabrication of totally synthetic MNs with temperature
independent release profile

For a remaining challenge, the previous reported hydrogel
was highly dependent on the temperature,!® posing a potential
safety concern. In this study, a new totally synthetic
glucose-responsive microneedle patch was developed. The
MNs could provide on-demand glucose-responsive release in a
temperature-independent manner within clinically a relevant
range.

1.2. MNs surface coating to enhance the mechanical
strength

The mechanical strength of totally synthetic MNs is not
high enough. To ensure efficient skin penetration, surface
coating with dissolvable polymer was applied to enhance the
mechanical property. The surface coated polymer could be
dissolved after skin insertion and therefore will not hamper the
insulin release.

Siyuan Chen

2. Results and discussion
2.1. Fabrication of totally synthetic MNs with temperature
independent release profile
A number of factors including exercise, illness,
environment temperature, could easily cause variation of the
skin temperature. In order to achieve glucose-responsive insulin
release independent of temperature change, the fraction of
thermo-sensitive  N-Isopropylacrylamide  (NIPAAm)
decreased and the fraction of boronate component
(AmECFPBA) was increased compared with previous
formulation.*® To maintain the hydrophilic/hydrophobic
balance of the network, N-hydroxyethylacrylamide (NHEAAm)
bearing hydroxyl group that can crosslink with boronic acid
was introduced the hydrogel formulation as a third monomer to
further control the hydrophobic/hydrophilic balance of the
hydrogel and avoid unwanted loosen of polymer network
(Figure 1).

was

The hydrogel
microporous and interconnected structure, which aids in smooth
diffusion of insulin (Figure 2A). Figure 2B shows phase
diagrams of the hydrogel for various temperatures and glucose
concentrations. In the presence of glucose, the binding of PBA
with glucose leads to an increased fraction of boronate and
hence promotes hydration of the gel. More importantly, these
gels are only marginally sensitive to the temperature for the
range of investigation (28-39°C). Note that in these gels the
molar contents of AMECFPBA is significantly higher (10.7 %)
than that used in the previous system (7.5 %)%° and,
correspondingly, the contents of thermos-sensitive main-chain
components (NIPAAm) is much lower (60.7 mol%) as
compared to the our previous formulation?5 (91.5 mol% of

with optimized formulation displayed
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Figure 1. Chemical structure of hydrogel with monomers kept at optimized molar fraction (I:m:n:0=60.7:10.7:23.8:4.8) to decrease the impact of

temperature to the glucose-responsive functionality of the hydrogels.
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Figure 2. (A) Cross-sectional SEM image and (B)
glucose-dependent volume change of the boronate-containing
hydrogel.

NIPMAAM). These factors, along with the
hydrophobicity-modulating effect by the use of NHEAAm,
collectively aided in making the gel practically insensitive to
the temperature.

In order to achieve painless and convenient transdermal
delivery ~ of  insulin,  the  temperature-independent,
glucose-responsive hydrogel was fabricated into MN format.
The tip region of the MN patch was fabricated with the
glucose-responsive hydrogel, thus allowing sensing the glucose
level change in the interstitial fluid after skin insertion (Figure

A Skin layer
o S .
-"’— O £ .
<" FARY ' .
Ly HO OH . N
= g
Microneedle ™~ _
patch
Releaseoff Releaseon

Figure 3. (A) Schematic of glucose-responsive insulin release
from the MN patch. (B) Morphology of totally synthetic MNs.

3A). The height of the MN patch was set to be 700 pum, which
is an ideal length to ensure efficient stratum corneum disruption
but without touching nerve fibers and blood vessels (Figure 3B).
The base layer part was formed by biocompatible PVA instead
of hydrogel to avoid deformation during the manufacturing
process. To improve the aqueous stability of PVA, it was heat
treated at 130 °C for 1h for crystallization. No detachment
between the needle region formed by glucose-responsive
hydrogel and the base layer fabricated by crystalized PVA was
observed, indicating the two-layer MN patch was successfully
manufactured.

Figure 4 shows the in vitro insulin release profile of
thus-obtained two-layer MN patch, with an insulin reservoir
attached at the back of the MNs patch to ensure sufficient
amount of insulin loading. Rapid response of the two-layer
MNs to the programmed glucose pattern was observed at the

= L]
A E 200 28 c
2L = 100
£=
£% o
2
s g 2 4 6 8
Time (h)
z
@ 200 0 c
R
€ 5 100
£* 'W«NMM.M
= 0
7]
£ 100
0 2 4 6 8
Time (h)
= 200 a
. 32°Cc
&~ 100
£ =
E8 o
3
£ -100
= 0 2 4 6 8
Time (h)
2 00 s
z 35°C
272 w0
£3
= 0
%]
= -100
0 2 4 6 8
z Time (h)
2 37°C
£73 10
=5
= 0
[}
= -100
0 2 4 6 8
Time (h)
> 200 39°C
3~ 100
£3
£e o0 ]
2 00
= 0 2 4 5 8
Time (h)
B s |
g2 | | A ,k AL/\
w o
e E L \ r il
8= 2w A ﬂf 'J/LV’\_/\J/ Y |
0
0 2 4 3 8

Time (h)

Figure 4. (A) In vitro FITC-labeled insulin release from MNs at
various temperatures, pH 7.4. (B) Temporal pattern of the fluctuation
in glucose concentration.
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Figure 5. Morphology of MNs coated with Rhodamine B blended
PVA for different times.

mean skin temperature (32°C) and other clinically relevant
temperature conditions (28-39 °C), similar to the release profile
of hydrogel. These results suggest the temperature independent,
glucose-responsive functionality of the hydrogel 2 was well
reproduced after incorporating into MN patch.

2.2. MNs surface coating to enhance the mechanical
strength

One drawback of the totally synthetic MNs is relatively low
mechanical strength. In order to overcome this disadvantage,
the needle region was coated with dissolvable polymer layer.
The polymer will dissolve after skin insertion and thus not
affect the glucose-responsiveness.

MNs were coated with 5 wt% PVA (Mw 89-98 kDa)
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Figure 6. (A) Confocal microscopy images showing the

distribution of Cy5-PVA in MNs. (B) Mechanical strength of MNs
with or without PVA coating.
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Figure 7. (A) Morphology of Cy5-PVA coated MNs immersed in
PBS for various time. (B) Mechanical strength of MNs with or
without PVA coating.

solution by dip-coating method. Coating was performed 1, 2
and 3 times. Rhodamine B were added in the polymer solution
to indicate the location of PVA. As shown in Figure 5,
Rhodamine B not only present on the MNs surface but also
diffused into the inner core of needles, possibly due to the pore
opening after gel hydration. Fluorescence intensity increase
with coating time, indicating increased coating thickness with
coating time. However, increase coating time to three may
increase the possibility of deformation.

In order to further characterize the polymer distribution,
MNs were coated with cy5 conjugated PVA for twice. As seen
in the confocal microscopy images (Figure 6A), the
accumulation of red fluorescence derived from Cy5 indicates
the successful surface polymer coating. In the meanwhile, red
fluorescence was also observed in the core of MNs. This is
possibly because during the dip process, the hydrogel in the
MNs needles hydrated with the polymer solution, and thus part
of the polymer diffused into the gel network. Polymer coating
increased the mechanical property of the MNs. The mechanical
strength of PVA coated twice MNs was 34.5% higher than the
one without coating (Figure 6B).

The coated polymer is dissolvable. As seen in Figure 7A,
after immersing in PBS for 5 min, the colour of cy5-PVA
coated MNs faded compared to the one without hydration. After
30 min, majority of the coated PVA was removed from the MNs
surface, indicating coating MNs with dissolvable polymer will
not affect the functionality of the MNs after skin application
(Figure 7B). As shown in Figure 8, almost no difference was
noted in the release profiles of the PVA coated and uncoated
MNs, possible due to the rapid dissolution of the coated PVA
layer. This result shows the polymer coating did not hamper the
glucose-responsiveness of the MNs.
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Figure 8. Time-course changes in the fluorescence intensity of
FITC-labelled insulin released from MNs (A) without and (B)
with PVA coating. (C) Temporal patterns of the fluctuation in
glucose concentration.

3. Conclusion and future plan

Compared to all
containing glucose-responsive MN patches that could only
provide hours-long duration and associated with safety
concerns caused by immunetoxicity and denaturation risks of
GOx and toxic byproduct hydrogen peroxide, this
diffusion-driven, skin layer controlled release mode offers

reported GOx loaded nanoparticles

153

several advantages; no production of harmful byproducts upon
reaction with glucose, sustainable and suitable for large-scale
This totally
synthetic MNs patch showed potential to achieve persistent
glycemic control and is promising to improve the quality of life
for diabetic patients.

production, and no cold chain requirement.

Future research will be conducted to prepare new types of
MNs. E.g. use photopolymerization to  synthesize
glucose-responsive hydrogels in tips, and prepare porous
non-glucose responsive hydrogel to serve as base layer and
reservoir. This strategy is aim to increase the fluid
transportation speed and to facilitate skin penetration. Detailed
in vitro and in vivo characterization will be carried out for
further evaluation.
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(MBAAM) % K/ A 2 ) — )VIB-EIEC R L. BiAAIR X
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98 kDa, 100 mg/mL)IZIRIMNT 2 Z LIk =— Rz
PVAS—F 427 LI, ZZT.PVADE R hic
TRATNFEGEN L THAESE Cyd 2HATHZ LK
D Cy5 15k PVA 24 L, PVARIRICIRINT 5 Z Lic &
D PVA JE DT K 2 A LA B S L 7= (Figure 2), %
PAMERIZ L 2 BIE 5 MN Rl TO Cy5 HkDHEy 7
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Cy5 IRl PVA 2—7 ¢ U 7D MN N9 5 Z LT &
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