Open Access Article. Published on 07 2020. Downloaded on 2025/10/16 17:26:51.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry B

W) Check for updates ‘

Cite this: J. Mater. Chem. B, 2021,
9, 392

Received 22nd September 2020,
Accepted 29th October 2020

DOI: 10.1039/d0tb02279a

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Design of biodegradable bi-compartmental
microneedles for the stabilization and the
controlled release of the labile molecule
collagenase for skin healthcaref

Concetta Di Natale,1°° Domenico De Rosa,i” Martina Profeta,® Rezvan Jamaledin,®
Alessandro Attanasio,” Elena Lagreca,® Pasqualina Liana Scognhamiglio,®
Paolo Antonio Netti®® and Raffaele Vecchione (2 *?

Proteins are widely explored as therapeutic agents, but some issues remain alive in their delivery versus
target tissues and organs. Especially in the case of water-labile proteins, they undergo rapid failure if not
properly stored or once they have encountered the biological environment. In this framework, delivery
systems can be very useful to protect such proteins both during storage and during their administration.
In particular, polymer microneedles (MNs) represent an interesting tool for the in vivo administration of
proteins, avoiding the aggressive gastrointestinal or blood environment. Here, polymer microneedles
for the encapsulation and delivery of the labile protein collagenase are presented. Polyvinylpyrrolidone—
hyaluronic acid (PVP—HA) microneedles with embedded poly(lactic-co-glycolic acid) (PLGA) microparticles
(MPs) were designed in order to achieve a sustained but relatively fast release of the enzyme to avoid its
long exposure to water upon administration. PLGA-MPs with tunable porosity were produced by means of a
modified double emulsion protocol and their morphological and kinetic properties were characterized by
different analytic techniques. Diffusion studies and in vivo experiments were used to assess the release
and indentation ability of the proposed MP-based microneedles. The obtained results recommend our
bi-compartmental system as a promising biomedical technique paving the way for its efficient use in treating
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1. Introduction

During the last decade, biotechnology has established a pivotal
role in pharmaceutical research for drug development, bringing
protein-based products onto the market at an increasing pace."
Molecular biology together with new chemical engineering
techniques give us novel tools to increase the range of
protein-based drugs to treat several diseases.>* Unfortunately,
these products suffer from many disadvantages, including
complex metabolic properties and restricted gastrointestinal
(GI) absorption. In addition, they show difficult tissue penetra-
tion (because of their molecular weight and conformation), and
toxicity due to the stimulation of the immune system that leads
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human diseases with labile therapeutic agents.

to allergic reactions.? Moreover, proteins used as drugs often
possess a short plasma half-life and, above all, they are highly
susceptible to degradation in both physical and biological
environments.””” These alterations involve the primary struc-
ture of the proteins leading to a conformational change which
results in reduction in protein activity. As protein drugs con-
tinue to play a key role in pharmaceuticals, their long-term
stability is an urgent challenge for researchers. In this context,
microparticle-based formulations can be developed to improve
the storage and delivery of protein-drugs. Microparticle-based
systems include a biodegradable polymeric material that allows
both drug cargo protection and its controlled release.® Several
polymers can be used as a matrix, but poly(lactic-co-glycolic)
acid (PLGA) is the most commonly studied polymer due to its
versatility in tuning biodegradation time and high biocompat-
ibility arising from its bio-units: lactic acid and glycolic acid.®®
Protein-embedded polymeric microparticles (MPs) have already
demonstrated to be able to effectively protect the encapsulated
protein from inactivation occurring in biological environments
and to preserve its bioactivity during the release process.'® Release
can be easily tuned by modifying the size and the microstructure
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of MPs by experimental or mathematical protocols."'™ The
preservation of protein bioactivity reduces the administration
frequency, leading to patient comfort and improvements
in compliance, which are fundamental for a successful self-
administered drug delivery system.'® To overcome the known
setbacks associated with oral as well as injectable formulations,
transdermal delivery certainly offers a potential alternative.
However, MPs with a diameter greater than 1 um barely
penetrate into the lipid layers of the stratum corneum, thus
limiting the drug transport through the skin."® Several techni-
ques have been investigated to assist the delivery of MPs
through the skin. Among these, successful transdermal patches
formed by micron-scale needles have been developed and
proposed so far.'® Several drug delivery studies have empha-
sized the use of microneedles (MNs), thanks to their capability
to increase skin permeability both in vitro and in vivo. Delivery
of oligonucleotides, lipophilic molecules, diabetes treatment,
and the induction of immune responses from protein vaccines
are only some of the results achieved by using them.'” The
mechanism of MNs is to pierce holes into the skin, avoiding the
stimulation of the nerve endings in order to quickly absorb
the biomolecules in the lymphatic networks without producing
patient pain."®'® Very recently, a novel fast stamp-based method
for fabricating multi-compartmental polymeric microneedles has
been developed in our laboratory. In detail, the body of the MN
was filled with PLGA-based MPs thus combining the fast release
of a molecule loaded in the tip with a time-controlled release of
the payload from the MPs as well as the potential co-delivery of
different biomolecules.*

Normally the release of biomolecules from PLGA drug
delivery systems takes from several hours up to a few days,
but in the case of highly labile molecules, such as collagenase,
it is important that the sustained release occurs within a few
hours.*” Moreover, in several pathologies, such as wound
healing, burns, and some diseases including Dupuytren’s dis-
ease, intervertebral disc herniation, keloids, cellulite, and
lipoma, collagen can be generated in unsuitable sites or does
not degrade after a certain time,*” so it is important to have a
device capable of injecting collagenase into the required site or
at the right time.

Here, we present a system of bi-compartmental micronee-
dles in which a novel formulation of highly porous collagenase-
embedded PLGA MPs has been inserted in order to guarantee
prolonged release, but in a timeframe of a few hours, of the
enzyme that usually suffers from high instability in an aqueous
environment.?* Unlike the previously developed protocol,*® the
polyvinylpyrrolidone (PVP) tip that is sensitive to the varying
humidity and storage time*® has been replaced with a less
fragile PVP-hyaluronic acid (PVP-HA) mixture to allow strong
dehydration which is useful for preserving the protein from
humidity. A second main change regarding PLGA MPs is
that they were synthesized by a modified double emulsion
protocol™® to tune their porosity, and thus speed up cargo
release. The morphological properties of the MPs were char-
acterized by a Mastersizer and scanning electron microscopy
(SEM). Moreover, collagenase encapsulation efficiency, kinetic
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release, and its retained activity were investigated by spectro-
scopic techniques such as fluorescence and UV-visible. Further-
more, through in vitro diffusion studies we evaluated the
release ability of the two microneedle compartments (tip and
MP-based body) within the established times of a few hours.
A preliminary in vivo test confirmed the ability of the micro-
needles to by-pass the stratum corneum of rat epidermis.

These results suggest that microneedles combined with MPs
represent a promising technology for the healthcare field,
especially for skin pathologies. It has indeed been proven that
some skin pathologies, such as skin burns, atopic dermatitis or
infantile eczema, cause a rapid loss of plasma proteins and
their intravenous transfusion is the most effective therapy.>*>
Unfortunately, since plasma proteins are labile molecules, they
are often degraded before carrying out their action, greatly
reducing their therapeutic power.*® Our platform can be placed
in this scenario as a good alternative to deliver labile molecules
into the skin, protecting them from degradation and therefore
improving their healing effects.

2. Results and discussions

Polymer-based biomaterials for the delivery of water-labile
proteins have attracted significant interest in the biomedical
field. The fabrication processes to obtain the final drug delivery
system should be flexible and compatible with the stability of
the protein of interest. In the following paragraphs, we will
explain a novel bottom-up approach in which we first encapsu-
lated and characterized from a structural and functional point
of view collagenase protein into PLGA-based MPs obtained by a
double emulsion technique. Later, we fabricated bi-compartmental
microneedles embedding such MPs for intradermal drug delivery.
Furthermore, the collagenase biodistribution, released from MPs
embedded into the body of the microneedles, has been studied
through both in vitro and in vivo analysis, showing the potential of
the proposed microneedle-based tool for the delivery of labile
molecules.

2.1 Collagenase functionalization with ATTO 488 and ATTO
740: reaction, CD spectroscopy, and activity assay

Biomolecule fluorophore conjugation involving lysine residues
is a powerful tool for biochemical, biophysical and analytical
assays.”” Unfortunately, some proteins, e.g. collagenase, are
sensitive to buffers, metal ions, or pH exchanges, incurring
aggregation or precipitation phenomena.”® A common
approach to overcome these limitations is to label solvent-
accessible cysteine residues using thiol-reactive dyes. Cysteine
is very attractive for site-specific conjugation because of its
relative rarity in the proteome compared to amines; this feature
leads to less perturbation of the protein’s function and a
minor risk of incurring protein precipitation or fluorescence
self-quenching interactions.>® Starting from these proofs, a
maleimide-based conjugation of collagenase with two different
fluorophores: ATTO 488 (for in vitro analysis) and ATTO 740 (for
in vivo analysis) was reported for the first time following the
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(A) UV spectra of collagenase—ATTO 488 (green line) and collagenase—ATTO 740 (red line) functionalization. (B) CD spectra of bare collagenase

(blue line), 488 (green line) and 740 (pink line) conjugated enzyme at 0.5 uM, TRIS buffer pH 7.1.

procedure described by Hermanson et al.>’ The conjugation
was evaluated by a UV-visible technique monitoring the signal
at 280 nm related to the protein and the peaks at 488 (red line)
and 740 nm (green line) associated with the dyes (Fig. 1A).
A perfect degree of loading (DOL) equivalent to 2 for ATTO
488 and 1.67 for ATTO 740 were obtained and are reported in
Table S1 (ESIY).

Afterwards, with the aim of understanding whether any
change in the structure of the enzyme had occurred, a CD
spectroscopy analysis was performed. As expected, no varia-
tions between bare collagenase and conjugated enzyme were
visible and in particular, as reported in Fig. 1B, all three
samples showed a typical coiled structure with two pronounced
minima at 220 nm and 210 nm and a maximum at 190 nm.>°
A slight decrease in the Cotton effect was reported for ATTO
740 and this is probably due to the conjugation reaction and
consequent changes in protein solubility; ATTO 740 is reported
to be less hydrophilic than ATTO 488. Similar results, confirm-
ing our hypothesis, were obtained by evaluating the residual
enzymatic assay in which collagenase-ATTO 488 revealed a
high percentage of activity equal to 70.26 + 0.2%, while
the ATTO 740-conjugated protein scored only 9.17 + 2.1%
(Table S1, ESIf).

2.1.1 Synthesis of collagenase-ATTO 488 MPs and their
structural/morphological characterization. Collagenase-ATTO
488 MPs were synthesized by the double emulsion technique
with the addition of a porogenic agent known as ammonium
bicarbonate (ABC), (Fig. S1A, ESIf) in order to enhance the
microparticle porosity and to ensure a faster release compared
to a preparation without porogens (Fig. S1B, ESIt). After
washing steps and lyophilisation, the particles were suspended
and their size was verified by a laser diffraction particle size
analyzer, showing a size distribution with a mean diameter of
13.23 + 9.53 pm (Fig. 24).

The greater porosity of collagenase ABC-MPs than micro-
particles prepared following standard protocols was assessed
by SEM microscopy (Fig. 2B and Fig. S2A, ESIt). These data
were confirmed by in vitro release studies, following the
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Fig. 2 Morphological characterization of collagenase MPs. (A) SEM micro-
scopy of ABC MPs. (B) In vitro release studies of both MPs in TRIS buffer pH 7.1
at 37 °C at different time points. (C) MP size distribution analysis.

fluorescence emission of collagenase-ATTO 488, in which a
faster rate of drug progression of 39.57 &+ 2.29% was reached in
2 h when the microparticles were prepared with ABC (Fig. 2C,
blue circles) whereas in the case of the standard formulation at
the same time the release was around 1/3 (8.45 + 1.98%).

In the case of the ABC formulation, the last time point with
an appreciable fluorescence signal is at 72 h, whereas for the
standard formulation it is at 96 h, since the release is slower.

An excellent entrapment efficiency (93.43 + 4.0%) calculated
after complete disruption of the microparticles and fluores-
cence measurement of the solutions (Aex = 488 nm, Aey =
502 nm) was reached with the addition of the ABC into the
formulation (Table S2, ESIT) and these results were confirmed
by confocal images in which ABC-MPs showed a very high and
homogeneous fluorescence signal related to the protein within
the porous structures (Fig. 3A).

The standard formulation exhibited an entrapment effi-
ciency of just 23.86 + 1.9%. The increase in the encapsulation

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (A) Confocal microscopy of ABC-MPs. Fluorescence images were
acquired using a Aexc Of 488 Nm and a Zemiss between 500 and 600 nm.
Cyan blue is related to PLGA acquired in DAPI range. (B and C) Activity
assay of (B) collagenase released from MPs and (C) free enzyme at different
time points after incubation at 37 °C. (D) Stability assay of embedded
enzyme at 4 and —20 °C.

efficiency in the ABC procedure (Table S2 and Fig. S2-B, ESIt)
may be due to a favourable protein-polymer interaction at the
interface due to the basic pH (pH 7.5) with respect to the
standard emulsion (pH = 5.01, near the pI of the protein).
Indeed, basic pH modifies the protein charge distribution and
subsequently its hydrophobicity, resulting in a more negatively
charged surface and consequently a greater partitioning of
collagenase in the aqueous phase is favoured. It is well known
that near their plI value, proteins should be mostly neutral, and
therefore rather hydrophobic and so less prone to be incorpo-
rated into a water phase.’™*?

In order to verify the effects of the synthetic procedures on
the collagenase bioactivity, enzymatic activity studies were
carried out on both collagenase discharged after MP disruption
and on protein released over time by the microparticles. After
the encapsulation procedure, ABC-MPs kept the protein active
at 44 + 1.20%, but excellent results were obtained by analyzing
the enzyme released from MPs at different time points (15 min
to 24 h) subsequent to their incubation at 37 °C. Indeed, as
shown in Fig. 3B, our formulation is able to guarantee an
activity of the enzyme >100 nkat (74.62%) up to 4 h, reaching
the specification for injectable formulations,* unlike the free
enzyme that has already lost 80% (<44.4 nkat) of its activity
after 20 min (Fig. 3C). Regarding the stability of the enzyme
inside MPs, the activity was measured up to 6 months and, as
displayed in Fig. 3D, MPs are capable of storing protein activity
close to 70 and 100% when kept at 4 °C or —20 °C, respectively.
These data underline the impact of our polymeric structures in
avoiding protein degradation, providing a powerful tool to
produce stable pharmaceutical preparations.

2.2 Invitro collagenase-MP activity in 3D collagen model

In order to confirm the proteolytic activity of collagenase after
the entire process of encapsulation, in vitro experiments, using
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a 3D collagen model (developed as reported in the Experi-
mental section), were performed by multiphoton microscopy
through second harmonic generation (SHG) analysis. SHG is a
well-established and powerful technique to quantify collagen
3D organization in tissues and in particular in skin dermis.
SHG signals are generated by collagen hierarchical organiza-
tion in a triple helix, which are improved when collagen
molecules form fibrils, while they decrease if the molecular
architecture is destroyed.**** In our experiment, a collagen 3D
model was incubated with collagenase released from MPs and
SHG signals were recorded from 0 to 1500 s. The control was
performed by incubating collagen with TRIS buffer. As can
clearly be seen from Fig. 4, the SHG signal relating to the
treated collagen was significantly decreased compared to the
untreated sample (0.9697 + 0.01400 vs. 0.6937 + 0.1047;
p < 0.0310) where it was almost constant over time. These
data were also confirmed by Z-stack acquisition of both samples.
Fig. S3 (ESIt) clearly shows a decreasing signal and a non-
homogeneous structure for the treated collagen (Fig. S3-A, ESIY)
compared to the control (Fig. S3-B, ESIT).

2.3 Production and characterization of bi-compartmental
polymeric microneedles

After MP synthesis, we proceeded with a stamp-based method
to fabricate bi-compartmental polymeric microneedles. Fig. 5A-F
show an overview of the whole fabrication process. Briefly, a
PDMS stamp with conical cavities is first filled with a solution
of fast dissolvable polymers by drop-casting; then, after drying,
the remaining parts of the cavities are filled with PLGA-based
MPs which are pressed and plasticized by using a non-invasive
soft plasticization method.?°

Finally, the array of microneedles is harvested by a plasti-
cized layer of PVP (polyvinylpyrrolidone) deposited onto a
poly(methyl methacrylate) PMMA substrate. In more detail,
the PDMS stamp is obtained by a master of microcones
designed to produce microneedles sufficiently long to penetrate
across the stratum corneum barrier and be inserted into the
skin without pain.*® Microcones were produced with 600 pm
height, 300 um diameter base and 600 pm center—center distance,
for a total of 256 microcones per cm® (Fig. 6A). Compared to a

1.59
[==eyl

B Treated Collagen

SHG signal

Fig. 4 SHG signals of control and treated collagen; the difference
between samples was significant (p < 0.0310, n = 5).
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Fig. 5 (A) PDMS mold. (B) Deposition of polymeric solution on PDMS
mold. (C) Dried layer. (D) MNs filled with MPs. (E) Compacted and HL
applied. (F) MNs extracted from mold. MPs, which are pressed and
plasticized by using a non-invasive soft plasticization method previously
reported.®

previous study,” the 25 x 0.8 NA oil-immersion objective of a
Nanoscribe system was used to reduce the fabrication time of the
master up to 15 times as compared to the 63 x 1.4 NA oil-
immersion objective. The lower objective resolution provides high
printing speed and, simultaneously, the realization of tips with a
radius of curvature (set at 5.0 pm) (Fig. 6B) according to the
specifications reported in the literature to break the stratum
corneum (<25 um).*” To further increase the master fabrication
speed (almost 4 times), microcones were designed with an
external shell internally reinforced by a hollow scaffold; only these
structures were photo-polymerized by 2PP whereas the liquid
photoresist inside the microcone was cured afterwards using a

Fig. 6 (A) Stereomicroscope micrographs of master fabricated using
2-photon polymerization. (B) SEM micrograph of the master tip. (C and D)
Stereomicroscope micrographs of microneedle patches with rhodamine-
loaded tips.
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UV lamp. The master fabrication by 2PP using the Nanoscribe
system is the most expensive step of the commonly used pro-
cesses because of the printing time and the fragility of the cured
material. To reduce the amount of masters produced and to
guarantee the superior duration of the original master, low-cost
NOA 60 replica masters were fabricated so that many replicas of
the negative PDMS can be obtained from them. Negative micro-
molds were produced using the biocompatible, flexible, and non-
toxic PDMS that, thanks to its durability, gives the possibility of
producing tens of microneedle patches without being damaged or
losing the shape of the cavities. PDMS micromolds can be reused
by cleaning them with water or ethanol (for tip residues), and
Scotch tape (for MP residues); also, PDMS allows high-definition
replicas.*®* Because of the high hydrophobicity of PDMS, a low
amount of surfactant (Tween 20) was added to the polymer
solution to reduce surface tension and promote the spread of
the drop/solution dispensed on the micromold.*” Mechanical
strength is a fundamental feature required for microneedle
application. To make this possible, PVP was selected as the
structural material of the microneedle tips. It contains rigid rings
in its chemical backbone that makes the polymer mechanically
strong. Additionally, PVP has high water solubility at room
temperature, which facilitates rapid dissolution once inserted into
the skin, and no organic solvents are needed to fill the
micromold.*" In this work, hyaluronic acid (HA) was mixed with
the PVP solution to make the dried polymer layer more tensile
than just PVP, even in the case of strong dehydration which is
beneficial for the encapsulation of labile molecules. The other
advantage of adding HA was to increase the dissolving time of the
tips from a few seconds (just PVP) to a few minutes, preventing
the possibility of losing the tip shape very quickly once in contact
with the skin, which may affect the penetration ability. The
addition of HA was also useful for the subsequent MP filling step
that requires mechanical pressure on the stamp, which may
fracture the underlying material. Furthermore, HA is a particularly
attractive material for biomedical applications being an important
component of the extracellular matrix (ECM) of the human
body.** As compared to the previous work,*® due to the increase
in viscosity of the PVP-HA solution, spin coating was replaced
with the drop-casting technique. This technique is advantageous
because (1) it is an easily-tunable process, (2) it avoids wastage of
materials, requiring low-cost and common tools, as dispenser and
desiccator. The MP filling procedure and harvesting followed the
already reported procedure.”® Due to the hygroscopic nature of
PVP* and HA,* the fabricated MN patches were kept in an
environment with low values of relative humidity in order to
avoid moisture absorption by HA and PVP leading to a reduction
in their mechanical strength. Therefore, each MN was sealed and
stored in a desiccator at room temperature (25 °C) in the presence
of dehydrating salts. Fig. 6C shows the uniformity in terms of tip
sharpness of microneedle patches produced with this technique.
To verify the complete filling of the microneedle body with MPs,
microparticles loaded with a fluorophore (rhodamine) were
prepared and used. The uniformity of fluorescence confirms
the homogenous distribution of MPs within the microneedle
body (Fig. 6D). Moreover, as shown in Fig. S4A and B (ESIY), the

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0tb02279a

Open Access Article. Published on 07 2020. Downloaded on 2025/10/16 17:26:51.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

embedded MPs retained their characteristics in terms of micro-
structure, demonstrating that the microneedle production
method does not affect MP morphology.

2.4 Microneedle release test into an in vitro dermis equivalent

In order to test the microneedle release inside the dermis
model (see the Experimental section), an MN patch was
indented in the collagen and the enzyme fluorescence intensity
from both MN compartments was followed over time, through
the in vitro model volume by means of confocal microscopy. For
this experiment, the microneedle tip was loaded with collage-
nase-ATTO 647 (that gives a signal displayed in red - conju-
gated in our lab, data not shown), while the MPs were loaded
with collagenase-ATTO 488 (that gives a signal displayed in
green). The experiment was performed for both MNs loaded
with the standard MPs and MNs loaded with the ABC-MPs. In
particular, three sampling times were chosen: 30 min, 2 h and
24 h. At each time point, the images of the z-position at the
cone base and at the half height of the microneedles were
acquired. In the following, the latter positions are called top
and middle view, respectively. In more detail, the top view
shows what is happening to the collagen in contact with the
base of the patch, while the middle view shows what is
happening to the collagen at half of the height of the micro-
needles. Moreover, the images show the orthogonal section
of the selected z-position, giving information about the y-z and
x-z planes. For each z-position, the green channel, the red
channel and the merging of the channels were acquired.

At first, the standard-MP loaded MNs were indented in the
in vitro dermis model. 30 min after the indentation, the images
show that, at both collagen sections, the predominant signal
comes from the enzyme inside the fast-dissolving tip (red).
Moreover, a slight accumulation of MPs (i.e. green signal) in the
upper sections (see top view) of the collagen is also visible
(Fig. 7A-G; see Fig. S5 for the split channels, ESIt). After 2 h, the
images show an increment in the signal coming from the
enzyme inside the MPs (green), both in the top and middle
sections of collagen (Fig. 7B-H; see Fig. S6 for the split
channels, ESIt) compared to Fig. 7A-G. Finally, after 24 h at
both collagen sections, the predominant signal comes from the
enzyme inside the slow-dissolving compartment of the needles,
the MPs (green). Moreover, a decay in the red signal is also
visible in both collagen sections, probably caused by the
inevitable signal attenuation due to the protein diffusion and
dilution into the whole collagen volume, especially after 24 h
(Fig. 7C-I: see Fig. S7 for the split channels, ESIt).

Then, the ABC-MP loaded MNs were indented in the in vitro
dermis model. 30 min after the indentation, images show
that at both collagen sections the predominant signal comes
from the enzyme inside the fast-dissolving tip (red). Moreover,
a considerable amount of protein in the upper sections of
collagen is also visible (Fig. 7D-J; see Fig. S8 for the split
channels, ESIt). In this case, the signal coming from the MPs
in the top view is higher (+43%) compared to Fig. 7A-G, giving a
proof of the presence of a higher amount of enzyme inside the
ABC-MPs compared to the standard-MPs. After 2 h, the images
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TOP
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Standard
MPs

MIDDLE
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Standard
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Fig. 7 Release test of 600 um microneedles loaded with the standard vs.
ABC-MPs in the in vitro skin equivalent model after 30 min: (A) and (D) top
view and (G) and (J) middle view; after 2 h: (B) and (E) top view and (H) and
(K) middle view; after 24 h: (C) and (F) top view and (I) and (L) middle view.
Images show the merging of the green and red channels.

show an improvement in the signal coming from the enzyme
inside the microparticles (green), for both the upper and
middle sections of collagen (Fig. 7E-K; see Fig. S9 for the split
channels, ESI) compared to Fig. 7D-J. Even in this case, the
signal coming from the MPs in both views is higher (+33%)
compared to Fig. 7B-H, confirming again the presence of a
higher amount of enzyme in the ABC-MPs. Finally, after 24 h,
the images show that at both collagen sections the predomi-
nant signal comes from the enzyme inside the slow-dissolving
compartment of the needles, the MPs (green) (Fig. 7F-L; see
Fig. S10 for the split channels, ESIT). A decay in the red signal is
also visible in both collagen sections, as observed in the
previous case. Once more, the signal coming from the MPs,
both in the top and middle views, is broadly higher (+115%)
compared to Fig. 7C-1.

2.5 Preliminary in vivo indentation tests by photoacoustic
evaluation of fluorescent collagenase-ATTO 740 delivered by
microneedle tips

In order to confirm the in vitro results on a dermis model, with
regard to the ability of microneedles to cross the stratum
corneum, their mechanical strength and their capability to
release the encapsulated drug, a preliminary in vivo test of
the microneedle patch was performed on rat epidermis. In
detail, collagenase-ATTO 740 was loaded into the tip of the
microneedles and the patch was applied to the skin surface.
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The relative photoacoustic signal of fluorescent collagenase was
detected and quantified at different time points from 0 to
90 min after 3 min of application. The obtained results clearly
indicated good microneedle indentation (Fig. 8A) showing good
photoacoustic signals in all analyzed time periods with a
consistent signal up to 90 min (Fig. 8B).

3. Experimental section

Poly(lactic-co-glycolic acid) (PLGA) RESOMER™ RG 504H,
38 000-54 000 Dalton, lactide : glycolide = 50 : 50, was purchased
from Boeringer Ingelheim. Dichloromethane (DCM), ammo-
nium bicarbonate (ABC), citric acid monohydrate, dimethyl
sulfoxide (DMSO), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), sodium sulfate anhydrous (NaSO,), ethyl acetate,
methanol (MetOH), trizima base (TRIS), calcium chloride
(CaCly), hydrochloric acid (HCIl), sodium dodecyl sulfate
(SDS), sodium hydroxide (NaOH), Mowiol® 40-88 (poly(vinyl)
alcohol, PVA, MW 27 000-32 000 PVA) were purchased from
Sigma-Aldrich. Double-distilled water was pretreated with a
Milli-Q R Plus System (Millipore Corporation, Bedford, USA).
ATTO 488 and 740 maleimide were purchased from ATTO-TEC.
Collagenase and collagenase substrate (Wiinsch substrate,
PZ-1-Pro-1-Leu-Gly-L-Pro-n-Arg) were kindly offered by FIDIA
Farmaceutici. Polyvinylpyrrolidone (PVP 856568 M,, 55 KDa),
TWEEN® 20, dimethyl carbonate (DMC, D152927), sulforhoda-
mine B (Rhod) (SulphoRh6G, S470899) were purchased from
Sigma-Aldrich. Hyaluronic acid (M,, 200 KDa) was provided by
Fidia®. NOA 60 glue was purchased from Norland Optical
Adhesive. Poly(dimethylsiloxane) (PDMS) was provided by Syl-
gard R (184 Silicone Elastomer Kit, Dow Corning). Poly(methyl
methacrylate) (PMMA) was purchased from GoodFellow. IP-S
negative tone photoresist and ITO-coated glass substrate were
purchased from Nanoscribe GmbH. Developer mr-Dev 600 was
purchased from Micro Resist Technology GmbH.

o o 14
N ©w o

PA signal (spectral unmixing)
o

i

15 %
Time (min)

o
o

o
Fig. 8 In vivo photoacoustic signals of collagenase-ATTO 740 MNs

(A) before and after (15 and 90 min) and (B) their quantification.
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3.1 Collagenase functionalization with ATTO 488 and ATTO
740 and purification

Collagenase was functionalized with ATTO 488 and ATTO 740
fluorophores using a cysteine-maleimide coupling. In detail, a
solution of collagenase of 2 mg mL " was firstly reduced for 1 h
with a 4-fold molar excess of TCEP (0.1 M), and afterwards a
20-fold molar excess of ATTO 488/740 was added. The reaction
was then incubated at 25 °C for 2 h under gentle shaking. The
excess of fluorophores was removed using a 3000 Dalton
Amicon Ultra-4 centrifuge filter. The enzyme-dye conjugation
was validated by the acquisition of UV-visible (UV-vis) spectra
(Cary 100 Scan Spectrophotometer, Agilent).

3.2 Circular dichroism (CD) spectroscopy

CD spectra were recorded on a Jasco J-1500 spectropolarimeter
(J-1500-150, Japan) in a 1.0 cm path-length quartz cell. CD
spectra were registered at 25 °C in the far UV region using
a concentration of 0.5 uM both for the conjugated and the
bare enzyme. The spectra were obtained with an average of
3 scans by subtracting them from blank samples, as previously
described.”>*

3.3 Collagenase-ATTO 488 MP production

The collagenase-ATTO 488 MPs were prepared by water/oil/
water (W/O/W) double emulsion/solvent evaporation. In parti-
cular, collagenase-ATTO 488 MPs were prepared with and
without a porogenic agent (Fig. S1A and B, ESI}) according
to a previously reported method used for curcumin.’® The
internal water phase, composed of 100 pL of collagenase-488
at a concentration of 0.5 mg mL ™" was homogenized with 100 mg
of PLGA in 1 mL of DCM by an Ultra-Turrax® T25 basic, IKA®-
WerkeDigital High-Speed Homogenizer System, at 20 000 rpm
for 30 s. In the case of using a porogenic agent, an intermediary
step was developed: 100 pL of a gas foaming ABC porous agent
solution (7.5 mg mL™') was homogenized with the first emul-
sion W/O at 20000 rpm for 30 s.

Then the first emulsion with and without ABC was homo-
genized for 1 min at 25000 rpm into a water phase formed by
10 mL of 2% (w/v) PVA solution. Finally, the second emulsion
was poured in 40 mL of Milli-Q water under mechanical stirring
for 3 h at 450 rpm (Heidolph RZR 2102 control) to allow DCM
diffusion and evaporation. All the steps were performed by
keeping the samples in an ice bath to preserve the protein
activity during the whole procedure.

As to washing steps: the MPs were collected, washed three times
with Milli-Q water by centrifuging at 10 000 rpm for 10 min at 4 °C
(SL16R Centrifuge, Thermoscientific, USA), lyophilized overnight
(HetoPowerDry PL6000 Freeze Dryer, Thermo Electron Corp.,
USA; —50 °C, 0.73 hPa) and stored at —20 °C with desiccating
agents until further investigation.

3.4 Collagenase-ATTO 488/740 and collagenase-ATTO 488
MP activity assay

The activity (expressed as nkat) of collagenase-ATTO 488/740
and collagenase-ATTO 488 MPs was quantified following the
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Wiinsch assay.’ In particular, three batches of each sample
were incubated with the collagenase chromophore substrate for
15 min and the resulting peptide, formed upon collagenase
activity, was analyzed by UV-Vis at 320 nm. Data were normal-
ized compared to the concentration of the proteins used and
the weight of MPs and expressed as a percentage.

The activity assay was also evaluated for 6 months in order to
study the stability of collagenase inside MPs.

3.5 Collagenase-ATTO 488 inside MP encapsulation efficacy (%n)

The % of collagenase-ATTO 488 inside MPs was evaluated by
dissolving 10 mg of MPs or 3 patches of MP-MNss in a solution
of 50% DMSO0/0.5%SDS/0.1 M NaOH for 1 h under vigorous
stirring. The collagenase content was analyzed by fluorescence,
following the signal of collagenase-ATTO 488 at e, = 504 nm
and using a titration curve of the free collagenase-ATTO 488 made
at the same time and under the same conditions. Each experi-
ment was performed in triplicate. The average % was calculated
as (actual drug loading/theoretical drug loading) x 100%.

3.6 Collagenase-ATTO 488 MP in vitro release study

In vitro drug release studies were carried out by suspending
10 mg of collagenase-ATTO 488 MPs or 3 patches of MPS-MNs
in 1.5 mL of TRIS buffer. Samples were incubated at 37 °C and
shaken under gentle conditions. At fixed time points (30 min,
1h,2h,3h,4h,24hand 48 h), 1 mL of sample was withdrawn
after MP sedimentation using centrifugation for 15 min at
10000 rpm (MicroCL21R, Centrifuge, Thermoscientific, USA)
and analyzed by fluorescence, as previously reported. The pellet
was re-suspended in the same volume of fresh buffer. A titra-
tion curve of the free collagenase-ATTO 488 was performed
under the same conditions. All the tests were executed in
triplicate. The average %release was calculated as (actual drug
loading/theoretical drug loading) x 100%.

3.7 Fabrication of master and micromold

A Nanoscribe Photonic Professional GT system (Nanoscribe
GmbH) was used to fabricate the microcone array master by
means of a 2-photon polymerization (2PP) technique, according
to a method previously reported.>® Briefly, the Nanoscribe
system uses a 780 nm Ti-sapphire laser emitting ~ 100 fs pulses
at 80 MHz with a maximum power of 150 mW. An ITO-coated
glass substrate (Nanoscribe GmbH) with an IP-S negative
photoresist was placed in a holder and inserted into a piezo-
electric x/y/z stage. To guarantee a high writing speed from the
laser, a galvo stage was used which allows a fabrication process
100 times faster than the piezo mode setup. This time, a 25 x
0.8 NA oil immersion objective was used instead of a 64 X
1.4 NA objective, in order to further enhance the fabrication
speed (almost 10 times).

As reported in the previous protocol, a 16 x 16 microcone
array was fabricated in a conical shape with a microcone height
of 600 um, a base diameter of 300 pum and a center-to-center
interval of 600 um. The fabricated master was immersed in
developer solution mr-Dev 600 for 30 min in order to remove
the uncured negative photoresist and then washed with IPA.
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Finally, to enhance the microcone stiffness, the master was put
under a UV lamp (16 mW cm ™ ?) for 4 h. Then, the negative
micromolds used for the production of the microneedle
patches were fabricated by a replica molding technique.
A solution of liquid PDMS precursor and its curing agent
(10:1 w/w) was dispensed on the master and then put under
a vacuum to remove entrapped air bubbles; the PDMS solution
was cured in an oven at 80 °C for 2 h and peeled off after
cooling to RT.”® To preserve the original master from wearing
out and tips breaking in the fabrication of the negative PDMS
molds, a replica master was fabricated using NOA 60 photo-
sensitive polymer. Liquid NOA 60 was poured onto the PDMS
micromold, degassed under vacuum for 2 h and cured for
20 min under a UV lamp (wavelength 365 nm). Then the
positive NOA replica master was extracted and attached to a
Petri dish for further PDMS micromold replicas.

3.7.1 Production of the microneedle patch. The dissolving
microneedle patch was fabricated using the drop casting tech-
nique for the production of the tips and manual filling for the
internal body. In detail, polyvinylpyrrolidone (PVP), hyaluronic
acid (HA), and Tween 20 were dissolved in distilled water with
the following percentages (w/w): 5.9, 1.5, 0.2; 0.1 mg mL™ " of
FITC was mixed into the solution for fluorescence microscopy.
150 pL of aqueous solution was cast onto the PDMS micromold,
degassed for 30 min in a desiccator, and dried at room
temperature. Then, to complete the microneedles, the pre-
viously reported method was used.'® In brief, PLGA MPs were
incorporated into the cavities by the aid of a spatula under an
optical stereomicroscope (Olympus, SZX16 double objective).
Then, an array of PMMA pillars was pressed onto the PDMS
micromold in order to compact the MPs inside the cavities.
Subsequently, the MPs were slightly plasticized using a mixture
of ethanol (4 mL) and DMC (0.5 mL) for 6 min. To extract the
MN patch, 200 pL of 25% (w/v) PVP aqueous solution was
dispensed on a rectangular piece of PMMA (0.5 mm thickness),
which had previously undergone oxygen plasma treatment for 1
min to increase the adhesion between PVP solution and PMMA,
and dried on a hot plate at 40 °C for 2 h. Then, the PVP
harvesting layer was plasticized for 11 min under the previously
reported conditions and placed upon the micromold. After
30 min of drying at RT, the microneedle patch was extracted.

This time, microneedle patches were kept in aluminium-
laminated sachets containing Tri-Sorb molecular sieves and
stored in a desiccator at room temperature (25 °C).*®

3.8 MN and MP characterization

3.8.1 Optical stereomicroscopy. Microneedle masters fab-
ricated by the Nanoscribe system were analyzed by a stereo-
microscope (Olympus, SZX16 double objective) to ensure
the good quality of the fabrication and integrity of the tips.
After extraction, each microneedle patch was analyzed by the
stereomicroscope to investigate the sharpness of the tips and
the pattern distribution.

3.8.2 Microparticle size and polydispersity index (PdI). The
MP size distribution was evaluated by static light scattering
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(Mastersizer 2000, Malvern Instruments, Malvern, UK) using a
water solution of 3 mg mL™" of MPs.”*

3.8.3 Confocal microscopy. MPs inside the microneedle
body were acquired by detecting PLGA auto-fluorescence in
DAPI range. Sample morphology was investigated using a
confocal microscope (Leica Microsystems TCS SP5 II, Germany)
with a 20x air objective. Images were acquired with a resolution
of 1024 x 1024 pixels. Collagenase-ATTO 488 MPs were char-
acterized by confocal microscopy in order to evaluate the signal
of the protein inside the porous structures. Fluorescence
images were acquired using an HCX IRAPO L 40x/0.95 water
objective with a 488 nm laser as Aeyc.

3.8.4 Scanning electron microscopy (SEM). The external
and internal morphology of the MPs was studied by SEM
microscopy, as already described.’®*® In detail, samples were
attached onto a standard SEM pin stub, placed into a sputter
coater which covered them with a 15 nm thickness gold layer
and analyzed by FESEM at 15-25 kV using an SE2 detector.
100 pL of MPs were deposited on a standard SEM pin stub,
gold-sputtered (10 nm thickness) using a HR208 Cressington
sputter coater and analyzed by FESEM ULTRA-PLUS (Zeiss) at
5 kV with the SE2 detector. A 2 mm thickness PDMS, cured at
80 °C for 30 min, was used to investigate the internal structure,
as previously reported.”

3.9 Invitro dermis equivalent

The 3D in vitro dermis equivalent model was set up by embed-
ding Human Dermal Fibroblast (HDF) cells in a collagen
matrix. Cells were cultured with complete medium, composed
of Eagle’s minimal essential medium (EMEM) supplemented
with 20% FBS, 1% glutamine, 1% non-essential amino acids,
and 100 U mL™" penicillin, 100 mg mL~" streptomycin. The
cells were maintained in 100 mm diameter cell culture dishes
in a humidified controlled atmosphere at 37 °C and 5% CO,.
The medium was changed every 2-3 days. Collagen gels were
prepared using rat-tail collagen solution (ibidi*) and reconsti-
tuted according to the manufacturer’s protocol and were used
to test the in vitro activity of collagenase-MP. 6 x 10* HDF cells
were suspended in 300 uL of 4 mg mL ™" collagen solution and
poured into a Millicell® (cell culture inserts, Millipore). The
system was then incubated at 37 °C for 30 min to allow collagen
fibrillogenesis and, afterwards, fresh cell culture medium was
added to the gel.

3.10 Release test into the in vitro dermis equivalent of
microneedles

In order to test the microneedle release inside the dermis
model, a microneedle patch was indented in the collagen and
the fluorescent signal from the enzyme was followed at differ-
ent time points (i.e. 30 min, 2 h, and 24 h), through the in vitro
model volume, by means of confocal microscopy. For this
experiment, a microneedle tip was loaded with collagenase—
ATTO 647 conjugated in our laboratory (data not shown)
(that gives a signal displayed in red), while the microparticles
were loaded with collagenase-ATTO 488 (that gives a signal
displayed in green). The test was performed for both MNs
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loaded with the standard MPs and MNs loaded with the
ABC-MPs and followed at different time points (i.e. 30 min,
2 h, and 24 h), by means of confocal microscopy. Images were
obtained by confocal microscopy (Leica Microsystems TCS SP5 II,
Germany) with a 10x water immersion objective and images
were acquired with a resolution of 1024 x 1024 pixels. Moreover,
a semi-quantitative analysis was performed on at least 5 images
for each z-plane to obtain the mean fluorescence intensity of the
protein for both the standard and ABC-MPs. Briefly, using
Image] software, the mean grey value (MGV) of the green
channel was measured for each image. Using the obtained
parameters, the percentage increase of the MGV of the green
channel between the standard and ABC-MPs was calculated
according to the following equation:

MGVA BCMPs — MGV standard MPs

MGYV standard MPs x 100

% of increment =

3.11 Collagenase-ATTO 740 MN preliminary in vivo release

3.11.1 Animal preparation, patch application and imaging.
The day before imaging experiments, the Sprague Dawley rats
(male, weight and age at arrival: 200-250 g, supplied by Envigo
RMS SARL, Gannat, France) were anesthetized under 3-4%
Sevoflurane gas anaesthesia (O, 95.0%) and the skin area to
be treated with microneedles was shaved using a razor and then
Veet cream. Then, the microneedle patch was applied on the
shaved skin by finger pressure for 3 min, following by a
washing step to remove surface collagenase residue. All the
procedures involving the animals were conducted according to
national and international laws on experimental animals (L.D.
26/2014; Directive 2010/63/EU) and to the approved experi-
mental protocol procedure (Authorization No. 730/2015-PR).
No validated non-animal alternatives are known to meet the
objectives of the study. During the housing period the animals
were maintained in a ventilated cabinet at the Animal Facilities
of CEIP, via Ribes 5, 10010 Colleretto Giacosa (TO).

In more detail, each animal was treated with patches loaded
with collagenase-ATTO 740 in the needle tips and in particular
a patch with 0.56 pmol of fluorophore was applied for 3 min by
finger. After patch application, photoacoustic images were
acquired at different time points (0-90 min).

3.11.2 In vivo photoacoustic imaging. The rat was placed
inside the Vevo Lazr2100 at 15 and 90 min. after patch
application. An acoustic gel was used as a coupling agent
between the ultrasound transducer and the skin. The ultra-
sound frequency was set at 21 MHz, the PA gain was 40 dB, and
the US gain was 18 dB. Photoacoustic spectra were acquired
using a wavelength ranging from 680 nm to 970 nm with a step
size of 5 nm, and a persistence (frame averaging) of 3.

3.11.3 Data analysis. Graph Pad Prism 8 software (Graph
Pad Software, San Diego, CA, USA) was used for statistical
analysis. The significance of statistical differences was deter-
mined by an unpaired ¢ test. A two-tailed p value equal to or less
than 0.05 was considered statistically significant. For the in vivo
test, regions of interest (ROIs) were selected by the operator
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over the acquired PAI images. The photoacoustic signal within
the ROIs was determined automatically by the software and
reported as a PA average.

4. Conclusions

Delivery systems meant for the controlled release of labile
molecules need to be designed with the aim of preserving the
molecule during both production, storage and application.
Here, we have designed porous PLGA MPs able to promote
the prolonged release of a labile biomolecule, collagenase, but
in a time frame of a few hours in order to avoid long exposure
time of the biomolecule to a destabilizing wet environment. It
is indeed known that collagenase activity is time and dose
dependent, depending on pharmaceutical compositions;*” in
particular, an enzyme activity between 7 and 20 nkat is required
for dry formulations, while a higher activity (>120 nkat) is
necessary in injectable formulations where the enzyme, recon-
stituted in water, undergoes degradation problems in a few
hours (<8 h).?* Our system is a dry formulation, which explores
a wet environment when implanted in the derma; however, we
guarantee an enzyme activity of >100 nkat, almost reaching the
specification for injectable formulations. Additionally, as com-
pared to the free enzyme, which needs to be stored at —20 °C or
—80 °C, collagenase embedded in our MPs has maintained an
activity close to 70% even if stored at 4 °C for 6 months.

Such MPs are assembled in the shape of bi-compartmental
microneedles that present fast dissolvable tips and a body
made of assembled MPs. Microneedle tips and bodies are
produced in two separated steps; therefore, cargo-loaded MPs
are processed in a dry state with no risk of premature release
during the process. In comparison to the previously developed
protocol, the polyvinylpyrrolidone (PVP) tip has been replaced
with a less fragile PVP-hyaluronic acid (PVP-HA) mixture to
allow strong dehydration, which is useful for preserving the
protein during microneedle storage. Remarkably, all the used
materials are FDA approved. Finally, with in vitro diffusion
studies we assessed the ability of the MP-embedded micro-
needles to release the enzyme in a prolonged but short time
(a few hours) compared to the single compartment ones that
rapidly dissolve without the possibility of modulating the
delivery of the payload.’® To conclude, a preliminary in vivo
test confirmed the ability of the microneedles to by-pass the
stratum corneum of a rat and transfer collagenase into the skin.

These results suggest that tuning PLGA MP microstructure
and using such MPs as building blocks for the fabrication of
microneedles, in combination with fast dissolvable tips, may
represent a promising technology to fine tune the controlled
release of therapeutic labile compounds into the skin for a
range of possible applications in healthcare.

Of course, when dealing with microneedles, sterilization,
manufacturing/packaging and storage are principal factors to be
taken into account for scaling up MNs before commercialization.
Another issue is to make the application of microneedles user
friendly. Therefore, we are now working on a strategy to make the
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microneedle patch co-planar to the skin before implantation
without the use of applicators.
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