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Poly(2-Hydroxyethyl Methacrylate) Hydrogel-Based
Microneedles for Metformin Release

Manoj B. Sharma, Ozlem Kap, Hend A. M. Abdelmohsen, Mark D. Ashton,

Garry R. Harper, Melike Firlak, Jasmine E. Aaltonen, Kerry A. Bolland, Ryan Bragg,
Sarah Deeley, Ella Francis, Nahin Kazi, Bethany L. Mapley, Vasileios Oikonomou,

Amal D. Aljohani, David Cheneler,* Volkan Kilic,* Nesrin Horzum,* and John G. Hardy*

The release of metformin, a drug used in the treatment of cancer and
diabetes, from poly(2-hydroxyethyl methacrylate), pHEMA, hydrogel-based
microneed|le patches is demonstrated in vitro. Tuning the composition of the
pHEMA hydrogels enables preparation of robust microneedle patches with
mechanical properties such that they would penetrate skin (insertion force of
a single microneedle to be %40 N). Swelling experiments conducted at 20, 35,
and 60 °C show temperature-dependent degrees of swelling and diffusion
kinetics. Drug release from the pHEMA hydrogel-based microneedles is fitted
to various models (e.g., zero order, first order, second order). Such pHEMA
microneedles have potential application for transdermal delivery of metformin

for the treatment of aging, cancer, diabetes, etc.

1. Introduction

Microneedle arrays are minimally invasive drug delivery de-
vices that can be designed to deliver of a broad spectrum of

payloads (e.g., drugs, vaccines, etc.).'™]
The dimensions and structures of mi-
croneedle arrays are important factors
in their delivery profiles and mini-
mization of pain associated with their
insertion.['%!11 While conventional trans-
dermal patches are used for sustained
drug delivery (often over several days),
microneedle arrays tend to be employed
for delivery of doses over relatively short
periods of time.'>' Drug release ki-
netics from microneedle arrays is deter-
mined by a variety of factors, including
microneedle architecture, the material
used to prepare the microneedle arrays,
the method by which the drug/bioactive
is incorporated in/on the microneedle array.'*>-17] Microneedle
arrays that respond to stimuli (e.g., electricity,®81%] light,[20]
sound,?1?2] others, and potentially combinations thereof)23-2]
are an emerging class of arrays with exciting prospects for
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theranostic applications,!?-32] and inclusion in wearable devices

useful for a variety of healthcare applications,**] that have long
term prospects for clinical impact,3*3°] particularly for the
treatment of conditions where the use of needles is problematic
(e.g., diabetes management).[3¢:37 ]

Microneedles are the subject of significant research and de-
velopment, investigating different microneedle designs for drug
delivery to the skin and other targets.?®! Microneedles have
been produced using a variety of different materials (including
inorganic-based materials (ceramics, metals, silicon, etc.),3) and
carbon-based materials (e.g., natural and synthetic polymers)) of-
fering a rich palette of opportunities to optimize the delivery of
their payloads for specific applications, with exciting examples of
microneedle technologies for a variety of clinically/industrially
relevant applications.[6:1340-43]

Polymer hydrogel-based materials are popular for biomedical
technologies owing to their breadth of properties due to their
tunable chemistry, mechanics, structures, etc. which facilitates
their application in drug delivery, tissue engineering, etc.[1944-48]
Of particular interest for microneedle-based technologies is their
relatively low cost and ease of disposal as medical waste in accor-
dance with a country’s legal regulations (e.g., incineration, steril-
ization, etc.).l’) Metformin is a drug that is used in the treatment
of diabetes(*-2] and cancer,[>>%] with emerging evidence of its
potential for application in treating COVID-1957%8] and aging-
related conditions.[5-62]

Here, we describe the application of additive manufacturing
approach to prototype master casts for microneedle patches to
facilitate the development of pHEMA hydrogel-based micronee-
dles. This method enabled the preparation of robust microneedle
patches with mechanical properties such that they would pene-
trate skin, and the behavior of the pHEMA gels was studied with
various practical/theoretical approaches to explain their swelling
and payload release profiles.[®]

2. Results and Discussion

2.1. Microneedle Design, Production, and Characterization

Microneedle array master templates were designed via computer
aided design (CAD), the technical drawings for microneedle tem-
plates with nine different geometries are depicted in Table S1 and
Figures S1-S9 (Supporting Information). The 10x10 array mas-
ter templates (composed of light curing methacrylic/acrylic resin,
Envision TECH HTM 140 V2) were fabricated using 3D stere-
olithography (a low-cost alternative to conventional microfabri-
cation or laser micromachining, with a resolution of ~15 pm).
The master templates were sprayed with release liner, and filled
with a polydimethylsiloxane (PDMS) precursor mixture (a SYL-
GARD 184 PDMS kit), which was degassed to diminish de-
fects, and baked to crosslink the PDMS. After baking, the sam-
ples were cooled to room temperature, filled with various mix-
tures of hydrogel precursors (Table S2, Supporting Informa-
tion) and baked to produce crosslinked pHEMA hydrogel-based
microneedle arrays. After baking, the samples were cooled to
room temperature, and the dry pHEMA microneedle arrays
were removed from the PDMS templates, swollen in water,
and extensively washed to remove any contaminants (initiators,
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oligomers, species not covalently attached to the pHEMA hy-
drogel matrices, etc.). The microneedle array production pro-
cess is summarized in Figure 1, and a photograph of exem-
plars of the master template, PDMS template and pHEMA
hydrogel-based microneedle arrays in Figure S10 (Supporting
Information).

Of the nine different microneedle array designs, we ob-
served the most reliable microneedle array production from the
PDMS microneedle array template with triangle /pyramid struc-
tures (design 9, Tables S1 and S2, and Figure S11, Support-
ing Information) and used that in all further studies (employ-
ing pHEMA hydrogels derived from baking hydrogel precur-
sors (2-hydroxyethyl methacrylate (HEMA), poly(ethylene gly-
col)dimethacrylate (PEGDMA, average Mn 550), and benzoyl
peroxide (BPO)). The designed length of the microneedles in
the 3D-printed master mold for the triangle/pyramid micronee-
dle arrays was 590 um, and confocal microscopy showed the
actual length of the triangle/pyramid pits in the PDMS tem-
plates was ~316 + 38 um, and confocal showed the length
of the pHEMA hydrogel microneedles produced was ~238 +
97 pm; deviations in desired/actual dimensions are the norm
with this method of microneedle manufacture (further di-
mensional information are displayed in Table S3, Supporting
Information).

Fourier transform infrared (FTIR) spectroscopy in attenuated
total reflection (ATR) mode confirmed the successful polymeriza-
tion of the monomer HEMA and cross-linker PEGDMA initiated
by BPO (Figure S12, Supporting Information).[®* The FTIR spec-
trum showed a characteristically broad peak at #3400 cm™! from
O-H stretching, the peak at 2964 cm™! is due to C-H stretch-
ing, the peak at 1719 cm™! is characteristic of the ester group in
pHEMA, the peak 1450 cm™ is characteristic of C-H deforma-
tions, the peak at 1253 cm™ is characteristic of O—H bending, the
peak at 1148 cm™! is characteristic of C-O stretching, the peak at
1071 cm™! is characteristic of the ether in the cross-linker, the
peak at 720 cm™! is characteristic of CH, rocking (and the C=C
stretch characteristic of non-cross-linked HEMA/PEGDMA (at
~1637 cm™! is not observed).

Hydrogel swelling is controlled by the structure and dynam-
ics of the constituent polymers and offers an insight into impor-
tant properties including mechanics, water diffusion within the
gels, and their capacity to be loaded with drugs.l%%] Swelling
studies were carried out at 20, 35, and 60 °C, observing that the
swelling reached equilibrium after ~24 h; with an initial rapid
increase in gel mass (~0-6 h), followed by slower swelling (~6—
24 h), until equilibrium; swelling was faster at higher tempera-
tures because of the increase in thermal mobility of solvent and
polymer chains (Figure 2 and Figure S13, Supporting Informa-
tion). The data collected enabled calculation of swelling coeffi-
cients and swelling kinetics (non-Fickian at 20 °C (anomalous dif-
fusion due to crystallization, interactions between diffusant and
polymers, molecular relaxation, segmental mobility retardation,
etc.), and Fickian at 35 and 60 °C (controlled by thermodynamic
forces by gradients of chemical potential and/or differences of
concentrations); Table 1; Table S4 and Figures S13-S16, Support-
ing Information) useful in understanding transport processes
within polymer hydrogel matrices for medical and technical
applications.[*’]
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Figure 1. Hydrogel microneedle array production process.
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Figure 2. Hydrogel swelling at different times and temperatures.

Table 1. Parameters of swelling coefficients of the microneedle arrays and
swelling kinetics.

Temperature [°C]  R* n[m?s™']  kx10? Dx 107  Swelling kinetics
20 0.92 0.58 1.08 + 1.10 0.80 + 0.07 Non-Fickian
35 0.94 0.46 294+ 132 140+0.11 Fickian

60 0.95 0.40 494 +2.41 1.90+0.21 Fickian

2.2. In Vitro Validation of Microneedle Arrays
2.2.1. Microneedle Mechanics

Skin is a complex layered tissue: the protective surface layer
is known as the epidermis (itself a multilayer tissue composed
of the stratum corneum, stratum lucideum, stratum granulo-
sum, stratum spinosum, and stratum basale) containing cells
responsible for protection of the immune system and pigmen-
tation; the dermis contains hair follicles, nerve endings, and
oil/sweat glands; and the subcutaneous tissue is beneath, con-
taining connective tissue, fat, larger blood vessels, etc. The thick-
nesses of each layer are variable depending on the location on
the body (thicker on the soles of the feet than the eyelids) and
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person. Microneedles are typically designed to have lengths of

~150-1500 um to facilitate use without damaging the patient’s
nerves.[>%®! To mimic the mechanical properties of skin, a multi-
layer film composed of 8 layers of Parafilm was prepared, previ-
ously used to mimic microneedle array penetration into skin.[®!
An insertion force of 40 N was more effective than an insertion
force of 10 N at penetrating the Parafilm (Figure 3; Figure S17,
Supporting Information). The length of the microneedles in this
study was ~238 + 97 um, which was reduced to ~206 + 108 ym
after penetration into Parafilm, using an insertion force of 40 N
(Figure S18, Supporting Information, N.B. differences in lengths
are not statistically significant).

2.2.2. Drug Delivery

Metformin was loaded into the microneedle arrays before attach-
ing a coin to the base of the microneedle arrays using Parafilm,
this served to ensure the arrays sink into the phosphate buffered
saline (PBS) release medium at pH 7.4 chosen to mimic the pH
of blood into which the microneedles would release the drugs
if applied transdermally.®72) The average water content in the
PHEMA microneedle arrays from swelling and dry weight analy-
sis studies was observed to be 0.140 mL, and the microneedles
were loaded in a solution of metformin in PBS (at the solubility

limit of metformin in PBS, i.e., 1 g of metformin in 10 mL of

PBS), consequently the drug loading capacity of the microneedle

arrays is 14 mg of metformin, and an encapsulation efficiency of

98% + 1% after two rounds of loading. The release of metformin
release in vitro was assessed via UV-vis spectroscopy (the limit
of detection (LoD) and limit of quantification (LoQ) were found
to be 36.8 and 111.4 ppm, respectively), observing ~60% of the
payload to be released over the period of 300 min and quantita-
tive release over the period of 24 h (Figure 4a). The drug release
profile data for the first 300 min were analyzed with different em-
pirical release kinetics models (zero order, first order, second or-
der) using the regression coefficient method, where the model
fits the release mechanism if the regression coefficient value (R?)
is equal or close to 1. The slope of the Zero order release plot
(Figure 4b) is linear with a regression coefficient R? = 0.99, by
contrast the release of metformin does not display first or second
order release kinetics as the regression coefficients (R?) are lower
and the graphs are not linear (Figure 4c,d, respectively).
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Figure 3. SEM micrographs of Parafilm multilayers after microneedles are inserted. A) Microneedles inserted with a force of 10 N. B) Microneedles
inserted with a force of 40 N. Left hand scale bars represent 200 um, right hand scale bars represent 50 pm.
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Figure 4. Metformin release study. a) Cumulative drug release. b) Drug release over 5 h fitted to zero order kinetics. c) Drug release over 5 h fitted to

first order kinetics. d) Drug release over 5 h fitted to second order kinetics.
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3. Conclusion

The pHEMA hydrogel microneedle arrays described herein are
inexpensive, simple to prepare and to load with drugs as demon-
strated with metformin which is investigated for a variety of
applications due to its interesting biological activity, including
treatment of aging, cancer, and diabetes. The microneedles have
mechanical properties suitable for penetrating skin (as demon-
strated using a simple Parafilm model), and they can deliver ther-
apeutically relevant quantities of metformin over a short space of
time.l7#]

The tunable nature of the microneedles (i.e., materials from
which they are produced, microneedle morphology, etc.) of-
fer opportunities to control the release kinetics, and the in-
tegration of such microneedle arrays within devices capable
of sensing analytes!”>78 that are biomarkers of medical con-
ditions and triggering the delivery of the drug from the mi-
croneedle arrays,[18307179-81] offers long term potential for con-
trolling the delivery of the drug in line with the chronobiol-
ogy of the condition being treated that offers significant poten-
tial savings to healthcare systems worldwide. Such microneedles
are one of a host of potential methods of non-invasive delivery
technologies(®233] being developed by multidisciplinary research
and development teams of people based in academic, industrial,
and clinical settings will be involved to translate unique technical
know-how to the benefit of humanity,'® and the interest in the ap-
plication of microneedles for biomedical applications is demon-
strated both by the volume of academic literature produced,!1284
and moreover the fact that there are currently >500 entries in-
cluding the term microneedles in their title, abstract or keyword
in the Cochrane Central Register of Controlled Trials.

4. Experimental Section

Materials: Unless otherwise noted, everything was purchased from
Sigma—Aldrich (Gillingham, UK) and used as supplied.

Preparation of PDMS Microneedle Templates: Microneedle array tem-
plates were produced via 3D printing with different microneedle structures
(Table S1, Supporting Information). These templates were used to create
microneedle molds using a SYLGARD 184 PDMS kit. A 10:1 mixture of sil-
icone elastomer to silicon elastomer curing agent was stirred in a plastic
container and degassed in a vacuum desiccator until bubbles stopped ris-
ing to the surface. The 3D printed templates were placed on a ceramic tile,
sprayed with release liner (Ambersil Silicone Mould Release Agent Plastic,
RS Components UK, Corby, UK), and allowed to dry. The templates were
filled with the PDMS mixture (~3 mL of the PDMS mixture was needed
to fill them), baked in an oven at 60 °C for 16 h, after which they were
cooled, removed from the templates using spatulas, and stored in plastic
containers until use.

Preparation of pHEMA Hydrogel-Based Microneedles:  Twenty milliliters
of 2-hydroxyethyl methacrylate (HEMA), 0.2 mL of PEGDMA (average Mn
550), and 88 mg of BPO were mixed until homogeneous, then degassed
in a vacuum desiccator, followed by transfer of ~3 mL of the formula-
tion to the microneedle mold. The samples were heated at 100 °C in an
oven for 3 h, after which they were cooled to room temperature and thor-
oughly washed with deionized water over a period of a week to remove
any non-crosslinked components (e.g., initiators, monomers, oligomers,
etc.).

Fourier Transform Infrared (FTIR) Spectroscopy: FTIR spectra were
recorded in ATR mode using an Agilent Cary 630 FTIR spectrophotome-
ter at room temperature between 700 and 4000 cm~'. Data representative
of measurements carried out in triplicate are presented.
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Microneedle Insertion Study: The insertion of microneedle arrays into
multilayer films of Parafilm (prepared by folding the Parafilm to obtain an
8-layer film with a thickness of ~1 mm thickness, used due to its com-
parable mechanics to skin), was studied as described previously in the
literature,!12] with minor adaptations described in the supporting informa-
tion. All the experiments were in triplicate (n = 3), and data are reported
as the mean average + standard deviation. Microscopy was used to ana-
lyze the height of the microneedles before and after penetration into the
multilayer films of Parafilm; analyzed using the software supplied with the
digital microscope.

Hydrogel Swelling: Swelling studies were carried out as described in
the supporting information. All the experiments were in triplicate (n = 3),
and data were reported as the mean average + standard deviation. See
Figures S12-S15 (Supporting Information), Table 1, and Table S3 (Sup-
porting Information).

Scanning Electron Microscopy (SEM):  Samples were coated with a thin
layer of gold (=10 nm) using a sputter coater prior to analysis with a Q150
RES. The morphology of the microneedle templates and indented Parafilm
surfaces were analyzed by an SEM (Carl Zeiss 300VP, Germany)

Confocal Microscopy: Geometry of microneedles and molds were mea-
sured using a LEXT OLS5000 3D measuring laser microscope. Images
were taken with the MPLFLN 10x LEXT objective lens with a 1x zoom in 3D
standard and color mode. Images were 1024x1024 pixels in size equiva-
lent to an area 1280 & 1 um by 1280 + 1 um. A single scan provided the
geometry of a 2 X 2 array of microneedles. Larger images were created by
stitching scans together. Postprocessing of images was conducted to re-
move point noise and inclination. Height data measured using two-point
analysis (tip of microneedles and base) taken from line data of 3D profile
of microneedles. All measurements were at least in triplicate (n > 3), and
data were reported as the mean average + standard deviation.

Drug Delivery Studies: The maximum solubility of metformin in water
is 1 gin 10 mL; the average water content in hydrogel microneedles from
swelling/dry weight analysis is 0.140 mL, therefore the maximum amount
of metformin in the microneedle arrays is 14 mg. Microneedle arrays were
incubated in an excess volume of metformin solution (0.1 g mL™") for
24 h at room temperature (4 patches in 20 mL of metformin solution),
after which the microneedles transferred to fresh metformin solution for
another 24 h to ensure high loading efficiency (98% =+ 1% after 2 rounds
of loading).

UV-vis spectra of samples were recorded using an Agilent Cary 60
UV-vis spectrophotometer (metformin A,,,, at 625 nm) at various times
and correlated to a calibration curve to enable assessment of cumula-
tive release of metformin at 32 °C into PBS at pH 7.4 from coin-weighted
samples.[’% A ten pence coin was attached to the back of Parafilm-backed
metformin-loaded microneedle arrays with Parafilm, and placed inside a
beaker containing 30 mL of PBS containing a stirrer at 100 strokes min~".
Samples from the PBS release medium (3 mL) were extracted at defined
time intervals and replaced with an equal volume of PBS).Il Drug re-
lease kinetics and mechanism were assessed using standard literature
methods!" described in full in the Supporting Information. All the experi-
ments were in triplicate (n = 3), and data are reported as the mean average
+ standard deviation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This research was funded by a variety of sources, and the authors ac-
knowledge: the Indian Ministry of Social Justice & Empowerment and the
High Commission of India in London for a PhD Studentship for M.B.S.
(Grant Reference: 11015/75/2017-SCD-V); the British Council and the
Scientific and Technological Research Council of Turkey (TUBITAK) for
support of O.K,, V.K,, N.H., and J.G.H., via the UK-Turkey Institutional

2300002 (5 0f7) © 2023 The Authors. Global Challenges published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 18810 3deoldde ayy Aq peusenob a1e s9jolie YO ‘@S Jo SNl 10} ArIqI78UIIUO A1 UO (SUONIPUOD-PUB-SWLBIWO A8 | IMAeIq 1 [BU1|UO//SANL) SUORIPUOD PUe SWie | 8u 88S *[£202/20/90] Uo AkeiqiTaulluo Aeim ‘Aisiealun igeed dire Jiwz| Aq 20000202 2406/200T 0T/10p/ioo" A3 1M Ake.q 1 |euluo//:sdny woly papeojumod ‘0 ‘97999502



ADVANCED
SCIENCE NEWS

Global
Challenges

www.advancedsciencenews.com

Links programme (Turkey grant reference: 116E934. UK grant reference:
336872); the Scientific Research Projects Coordination unit of lzmir
Katip Celebi University for support of O.K., V.K., and N.H. (Project no.
2018-ODL-MUMF-0021); the British Council Newton-Mosharafa Fund
PhD Programme for a studentship to support H.A.M.A. (Grant Reference:
NMM28/20); UKRI Engineering and Physical Sciences Research Council
(EPSRC) for support of G.R.H. (Grant reference: EP/R003823/1); the
Royal Society for a Newton International Fellowship to support M.F.
(Grant Reference: NF151479) and a Research Grant to support J.G.H.
(Grant reference: RG160449); the British Council of Greece for the IELTS
Award 2017 for V.K.O.; the Ministry of Education of Saudi Arabia and the
Royal Embassy of Saudi Arabia Cultural Bureau for support of A. D. A.
(Grant reference: KAU1520, Student ID 00012727).

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

J.E.AA,, K.A.B., R.B., S.D., E.F,, N.K., and B.L.M. contributed equally to this
work. The manuscript was written through contributions of all authors. All
authors have given approval to the final version of the manuscript.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
aging, cancer, diabetes, drug delivery, hydrogels, microneedles
Received: January 11, 2023

Revised: May 21, 2023
Published online:

[1] Strategies to Modify the Drug Release from Pharmaceutical Systems
(Ed.: M. L. Bruschi), Woodhead Publishing, Sawston, UK 2015, pp.
63-86.

[2] R. F. Donnelly, T. R. R. Singh, D. I. J. Morrow, A. David Woolfson,
Microneedle-Mediated Transdermal and Intradermal Drug Delivery, Wi-
ley, Hoboken, NJ 2012, pp. 152-163.

[3] T. Waghule, G. Singhvi, S. K. Dubey, M. M. Pandey, G. Gupta, M.
Singh, K. Dua, Biomed. Pharmacother. 2019, 109, 1249.

[4] S. H. Bariya, M. C. Gohel, T. A. Mehta, O. P. Sharma, J. Pharm. Phar-
macol. 2011, 64, 11.

[5] J. G. Turner, L. R. White, P. Estrela, H. S. Leese, Macromol. Biosci.
2021, 21, 2000307.

[6] V.Ebrahiminejad, P. D. Prewett, G. ). Davies, Z. Faraji Rad, Adv. Mater.
Interfaces 2022, 9, 2101856.

[7] K.). Lee, S.S. Jeong, D. H. Roh, D. Y. Kim, H.-K. Choi, E. H. Lee, Int.
J. Pharm. 2020, 573, 118778.

[8] T.-M.Tuan-Mahmood, M. T. C. Mccrudden, B. M. Torrisi, E. Mcalister,
M. J. Garland, T. R. R. Singh, R. F. Donnelly, Eur. J. Pharm. Sci. 2013,
50, 623.

[9] F. Smith, A. H. Sabri, M. Heppel, I. Fonseca, F. Chowdhury, K.
Cheung, S. Willmor, F. Rawson, M. Marlow, Int. J. Pharm. 2022, 628,
122234.

Global Challenges. 2023, 2300002

(1]
(]
[12]
(13]
[14]

[15]

[16]
[17]
(18]
[19]

(20]

(27]
(22]
(23]
(24]
(25]

(26]

[27]

28]
(29]

(3]

(31]
(32

(33]
(34]
35]
(36]
(37]
(38]

(3]

[40]

[47]

2300002 (6 of 7)

www.global-challenges.com

H. S. Gill, D. D. Denson, B. A. Burris, M. R. Prausnitz, Clin. J. Pain
2008, 24, 585.

P. Makvandi, M. Kirkby, A. R. J. Hutton, M. Shabani, C. K. Y. Yiu, Z.
Baghbantaraghdari, R. Jamaledin, M. Carlotti, B. Mazzolai, V. Mattoli,
R. F. Donnelly, Nano-Micro Lett. 2021, 13, 93.

T. Liu, G. Luo, M. Xing, Adv. Ther. 2020, 3, 1900140.

F. K. Aldawood, A. Andar, S. Desai, Polymers 2021, 13, 2815.

M. Azmana, S. Mahmood, A. R. Hilles, U. K. Mandal, K. A. Saeed
Al-Japairai, S. Raman, J. Drug Deliv. Sci. Technol. 2020, 60, 101877.

P. Makvandi, A. Maleki, M. Shabani, A. R. J. Hutton, M. Kirkby, R.
Jamaledin, T. Fang, ). He, J. Lee, B. Mazzolai, R. F. Donnelly, F. R. Tay,
G. Chen, V. Mattoli, Matter 2022, 5, 390.

D. F. S. Fonseca, C. Vilela, A. ). D. Silvestre, C. S. R. Freire, Int. J. Biol.
Macromol. 2019, 136, 704.

R. Wang, G. Jiang, U. E. Aharodnikau, K. Yunusov, Y. Sun, T. Liu, S. O.
Solomevich, Macromol. Rapid Commun. 2022, 43, 2200037.

J. Yang, Y. Li, Y. Zheng, X. Li, Y. Chen, X. Xie, L. Jiang, Microsyst. Na-
noeng. 2020, 6, 112.

H. Abe, Y. Matsui, N. Kimura, M. Nishizawa, Macromol. Mater. Eng.
2021, 306, 2100171.

J. G. Hardy, E. Larrafeta, R. F. Donnelly, N. Mcgoldrick, K. Migalska,
M. T. C. Mccrudden, N. ). Irwin, L. Donnelly, C. P. Mccoy, Mol. Phar-
maceutics 2016, 13, 907.

Y. Yang, L. Xia, X. Ning, T. Hu, C. Xu, W. Liu, SLAS Technol 2021, 26,
660.

T. Han, D. B. Das, Eur. J. Pharm. Biopharm. 2015, 89, 312.

V. Rahamim, A. Azagury, Adv. Funct. Mater. 2020, 31, 2102033.

M. Bok, Z.-J. Zhao, S. Jeon, J.-H. Jeong, E. Lim, Sci. Rep. 2020, 10,
2027.

M. Petchsangsai, T. Rojanarata, P. Opanasopit, T. Ngawhirunpat, Biol.
Pharm. Bull. 2014, 37, 1373.

P. Makvandi, R. Jamaledin, G. Chen, Z. Baghbantaraghdari, E. N.
Zare, C. D. Natale, V. Onesto, R. Vecchione, J. Lee, F. R. Tay, P. Netti,
V. Mattoli, A. Jaklenec, Z. Gu, R. Langer, Mater. Today 2021, 47, 206.
B. H. ). Gowda, M. G. Ahmed, A. Sahebkar, Y. Riadi, R. Shukla, P.
Kesharwani, Biomacromolecules 2022, 23, 1519.

E. M. Cahill, E. D. O’cearbhaill, Bioconjugate Chem. 2015, 26, 1289.
J. Yang, H. Zhang, T. Hu, C. Xu, L. Jiang, Y. Shrike Zhang, M. Xie,
Chem. Eng. J. 2021, 426, 130561.

J. Yang, X. Gong, Y. Zheng, S. Yi, Y. Cheng, Y. Li, B. Liu, X. Xie, C. Yi,
L. Jiang, Adv. Healthcare Mater. 2022, 11, 2102547.

L. Xie, H. Zeng, J. Sun, W. Qian, Micromachines 2020, 11, 271.

J. Yu, Y. Zhang, A. R. Kahkoska, Z. Gu, Curr. Opin. Biotechnol. 2017,
48, 28.

M. Amjadi, S. Sheykhansari, B. . Nelson, M. Sitti, Adv. Mater. 2018,
30, 1704530.

S. Bhatnagar, K. Dave, V. V. K. Venuganti, J. Controlled Release 2017,
260, 164.

X. Liu, Z. Huang, C. Ye, Z. Luo, L. Chen, X. Yao, F. Liang, T. Yang, H.
Bi, C. Wang, C. Cai, L. Lyu, X. Wu, Macromol. Mater. Eng. 2022, 307,
2200001.

N. Zhang, X. Zhou, L. Liu, L. Zhao, H. Xie, Z. Yang, Front. Pharmacol.
2021, 12, 719905.

M. Amer, R. K. Chen, Macromol. Biosci. 2020, 20, 2000089.

S. A. Ranamukhaarachchi, T. Schneider, S. Lehnert, L. Sprenger, ).
R. Campbell, I. Mansoor, J. C. Y. Lai, K. Rai, J. Dutz, U. O. Hifeli, B.
Stoeber, Macromol. Mater. Eng. 2016, 301, 306.

R. F. Donnelly, T. R. R. Singh, D. I. J. Morrow, A. David Woolfson,
Microneedle-Mediated Transdermal and Intradermal Drug Delivery, Wi-
ley, Hoboken, NJ 2012, pp. 57-78.

R. F. Donnelly, in Microneedles for Drug and Vaccine Delivery and Pa-
tient Monitoring, Wiley, Hoboken, NJ 2018, pp. 307-322.

A. Tucak, M. Sirbubalo, L. Hindija, O. Rahi¢, J. HadZiabdi¢, K.
Muhamedagi¢, A. Ceki¢, E. Vrani¢, Micromachines 2020, 11, 961.

© 2023 The Authors. Global Challenges published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 18810 3deoldde ayy Aq peusenob a1e s9jolie YO ‘@S Jo SNl 10} ArIqI78UIIUO A1 UO (SUONIPUOD-PUB-SWLBIWO A8 | IMAeIq 1 [BU1|UO//SANL) SUORIPUOD PUe SWie | 8u 88S *[£202/20/90] Uo AkeiqiTaulluo Aeim ‘Aisiealun igeed dire Jiwz| Aq 20000202 2406/200T 0T/10p/ioo" A3 1M Ake.q 1 |euluo//:sdny woly papeojumod ‘0 ‘97999502



ADVANCED

SCIENCE NEWS

Global
Challenges

www.advancedsciencenews.com

(42]
(43]

(44]
[45]
(46]

[47]

(48]
(49]
(50]
[57]
[52]
(53]
[54]
[55]
[56]

(57]

(58]
[59]
(60]
(61]
(62]
(63]

(64]

Global Challenges. 2023, 2300002

A. K. Gera, R. K. Burra, J. Funct. Biomater. 2022, 13, 81.

P. R. Yadav, M. N. Munni, L. Campbell, G. Mostofa, L. Dobson, M.
Shittu, S. K. Pattanayek, M. J. Uddin, D. B. Das, Pharmaceutics 2021,
13, 1132.

J. Li, D. ). Mooney, Nat. Rev. Mater. 2016, 1, 16071.

E. Larrafieta, R. E. M. Lutton, A. |. Brady, E. M. Vicente-Pérez, A. D.
Woolfson, R. R. S. Thakur, R. F. Donnelly, Macromol. Mater. Eng. 2015,
300, 586.

Y. Gao, M. Hou, R. Yang, L. Zhang, Z. Xu, Y. Kang, P. Xue, Macromol.
Mater. Eng. 2018, 303, 1800233.

K. Badnikar, S. N. Jayadevi, S. Pahal, S. Sripada, M. M. Nayak, P.
K. Vemula, D. N. Subrahmanyam, Macromol. Mater. Eng. 2020, 305,
2000072.

Z. Luo, W. Sun, ). Fang, K. Lee, S. Li, Z. Gu, M. R. Dokmeci, A.
Khademhosseini, Adv. Healthcare Mater. 2019, 8, 1801054.

L. B. A. Rojas, M. B. Gomes, Diabetol. Metab. Syndr. 2013, 5, 6.

R. Livingstone, J. G. Boyle, ). R. Petrie, Diabetologia 2017, 60, 1594.
E. Sanchez-Rangel, S. E. Inzucchi, Diabetologia 2017, 60, 1586.

C. ). Bailey, Diabetologia 2017, 60, 1566.

D. R. Morales, A. D. Morris, Annu. Rev. Med. 2015, 66, 17.

M. Aljofan, D. Riethmacher, Future Sci. OA 2019, 5, FSO410.

H. Yu, X. Zhong, P. Gao, J. Shi, Z. Wu, Z. Guo, Z. Wang, Y. Song, Front.
Endocrinol. 2019, 10, 00617.

B. M. Heckman-Stoddard, A. Decensi, V. V. Sahasrabuddhe, L. G.
Ford, Diabetologia 2017, 60, 1639.

C. T. Bramante, N. E. Ingraham, T. A. Murray, S. Marmor,
S. Hovertsen, |. Gronski, C. Mcneil, R. Feng, G. Guzman, N.
Abdelwahab, S. King, L. Tamariz, T. Meehan, K. M. Pendleton, B.
Benson, D. Vojta, C. ). Tignanelli, Lancet Healthy Longev. 2021, 2, e34.
A. Dardano, S. Del Prato, Lancet Healthy Longev. 2021, 2, 6.

H. H. Glossmann, O. M. D. Lutz, Gerontology 2019, 65, 581.

I. Mohammed, M. D. Hollenberg, H. Ding, C. R. Triggle, Front. En-
docrinol. 2021, 12, 718942.

W. M. Valencia, A. Palacio, L. Tamariz, H. Florez, Diabetologia 2017,
60, 1630.

S. Chen, D. Gan, S. Lin, Y. Zhong, M. Chen, X. Zou, Z. Shao, G. Xiao,
Theranostics 2022, 12, 2722.

M. Vigata, C. Meinert, D. W. Hutmacher, N. Bock, Pharmaceutics
2020, 72, 1188.

I. Fleming, D. Williams, 2D-Nuclear Magnetic Resonance Spectra,
in Spectroscopic Methods in Organic Chemistry (Eds: I. Fleming, D.
Williams), Springer International Publishing, Cham 2019, pp. 277-
333.

(65]
(66]
(67]
(68]

(69]

(70]

(71

(72]
(73]
(74]

[75]

76l
7]
78]
9]

(80]
(81]

(82]
(83]

(84]

2300002 (7 of 7)

www.global-challenges.com

R. A. Hegab, S. Pardue, X. Shen, C. Kevil, N. A. Peppas, M. E.
Caldorera-Moore, J. Appl. Polym. Sci. 2020, 137, 48767.

J. T. Peters, M. E. Wechsler, N. A. Peppas, Regenerative Biomaterials
2021, 8, rbab060.

T. Sakai, Swelling and Deswelling, in Physics of Polymer Gels, 2020, 77.
https://onlinelibrary.wiley.com/doi/book/10.1002/9783527346547
Y.-C. Kim, J.-H. Park, M. R. Prausnitz, Adv. Drug Delivery Rev. 2012, 64,
1547.

E. Larrafieta, J. Moore, E. M. Vicente-Pérez, P. Gonzélez-Vazquez,
R. Lutton, A. D. Woolfson, R. F. Donnelly, Int. J. Pharm. 2014, 472,
65.

E. Larrafieta, S. Stewart, S. ). Fallows, L. L. Birkhiuer, M. T. C.
Mccrudden, A. D. Woolfson, R. F. Donnelly, Int. J. Pharm. 2016, 497,
62.

P. Constable, in Critical Care Nephrology, 2nd ed. (Eds: C. Ronco, R.
Bellomo, J. A. Kellum), W.B. Saunders, Philadelphia, PA 2009, pp.
581-586.

M. H. Dueck, M. Paul, R. H. Wiesner, U. Boerner, Anaesthesist 2004,
53, 1046.

J. Siepmann, N. A. Peppas, Adv. Drug Delivery Rev. 2001, 48, 139.

E. M. Migdadi, A. ). Courtenay, I. A. Tekko, M. T. C. Mccrudden, M.-
C. Kearney, E. Mcalister, H. O. Mccarthy, R. F. Donnelly, J. Control
Release 2018, 285, 142.

A. Himawan, L. K. Vora, A. D. Permana, S. Sudir, A. R. Nurdin, R.
Nislawati, R. Hasyim, C. J. Scott, R. F. Donnelly, Adv. Healthc Mater.
2023, 12, 2202066.

R. Omar, Y. Zheng, ). Wang, H. Haick, Adv. Sensor Res. 2023, 2,
2200032.

K. M. Saifullah, Z. Faraji Rad, Adv. Mater. Interfaces. 2023, 10,
2201763.

P. Pan, Q. Liu, L. Wang, C. Wang, L. Hu, Y. Jiang, Y. Deng, G. Li, J.
Chen, Adv. Nanobiomed. Res. 2023, 3, 2200126.

H. Sun, Y. Zheng, G. Shi, H. Haick, M. Zhang, Small. 2023,
2207539.

X. Zhang, Y. Wang, ). Chi, Y. Zhao, Research 2020, 2020, 7462915.

D. S. Collins, M. Sanchez-Félix, A. V. Badkar, R. Mrsny, J. Controlled
Release 2020, 321, 475.

A. C. Anselmo, Y. Gokarn, S. Mitragotri, Nat. Rev. Drug Discovery 2019,
18, 19.

A.V. Badkar, R. B. Gandhi, S. P. Davis, M. ). Labarre, Drug Des. Devel.
Ther. 2021, 15, 159.

H. Chang, M. Zheng, S. W. T. Chew, C. Xu, Adv. Mater. Technol. 2020,
5, 1900552.

© 2023 The Authors. Global Challenges published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 18810 3deoldde ayy Aq peusenob a1e s9jolie YO ‘@S Jo SNl 10} ArIqI78UIIUO A1 UO (SUONIPUOD-PUB-SWLBIWO A8 | IMAeIq 1 [BU1|UO//SANL) SUORIPUOD PUe SWie | 8u 88S *[£202/20/90] Uo AkeiqiTaulluo Aeim ‘Aisiealun igeed dire Jiwz| Aq 20000202 2406/200T 0T/10p/ioo" A3 1M Ake.q 1 |euluo//:sdny woly papeojumod ‘0 ‘97999502



