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New drug delivery systems for wound healing applications based on o/B/y-cyclodextrin (a/p/y-CD)
acrylic (A) and styrenic (S) monomers have been synthesized and co-polymerized with 2-hydroxyethyl
methacrylate (HEMA) via a cryo-polymerization technique. The 3D macroporous cryogels containing
hydrophobic cavities were loaded with lomefloxacin (LOM), piroxicam (PIR), and fluconazole (FLU) with a
drug loading efficiency (DLE) of up to 78%. Depending on the formulated systems, the release of drugs
under different stimuli was achieved, with efficiencies ranging from 23 to 95%. It was demonstrated that
the presence of CDs within cryogels determines benefits both in loading capacity and drug delivery. CD
derivatives were simultaneously loaded with LOM and PIR and tested for multi-drug release. This non-
conventional approach was successfully designed as a proof of concept responding to the need to
preserve a sterile target area, facilitating skin repair in wound healing applications. For this purpose, the
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Introduction

Delivery systems’ design is of great interest in the pharmaceutical
field.! Based on both their bio and synthetic nature, macromole-
cular architectures are widely studied as drug carriers to achieve
controlled release and targeted drug delivery while reducing the
side effects.” Targeting a body area, such as an organ or cellular
and subcellular levels of specific tissues, allows for overcoming
the toxic effects of conventional drug delivery, thereby reducing
the amount of drug required for therapeutic efficacy.?

Among the carriers, liposomes have been extensively used
thanks to their safety and ability to incorporate hydrophilic and
hydrophobic drugs.* However, their physical and chemical
instability can lead to (i) side effects, (ii) efficacy reduction,
and finally, (iii) lack of the ability to achieve a controlled release
of the drugs.’
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biocompatibility of CD formulations was ascertained against human fibroblasts.

Natural polymeric micelles are novel drug carriers with
numerous advantages, such as selective targeting, reduced side
effects of drugs, and stable storage.® Overall, polymeric
matrices derived using a synthetic procedure can be chemically
modified and shaped to host pharmaceuticals, improving their
practical therapeutic efficacy and mitigating their side effects.”

Often in the drug delivery field, a common limitation is the
effective delivery of hydrophobic drugs. In this context, cyclo-
dextrins (CDs), thanks to their unique structure that can accept
hydrophobic guests in hydrophilic solvents, are often employed
in polymeric systems.® Indeed, CDs inserted in polymeric
structures have been successfully used as auxiliaries to solubi-
lize poorly soluble drugs.’ The polymeric formulation is respon-
sible for the drug release rate, loading capacity, bioavailability,
and biocompatibility. In the case of wound dressing, the
polymeric system has to maintain sterility in the target area
and assist in facilitating the repair.

Formulating drug-loading materials for repairing skin
wounds such as burns, surgical wounds, decubitus ulcers, etc.
is still a challenge. An ideal material for wound dressing should
have certain features such as (1) non-cytotoxicity, (2) high
oxygen permeability, (3) ease of removal from the wound, and
(4) the ability to maintain the relative humidity since a wet
microenvironment of the wound bed is suitable for cell migra-
tion and cytokine secretion, which promotes wound healing.

Hydrogels, which possess the features mentioned above, have
been extensively used in the last few years for wound dressing.
However, they also present some drawbacks, such as poor
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mechanical properties'® and oxygen permeation."" These issues
may be overcome by using cryogels as a wound-healing patch.

Cryogels continue to receive considerable scientific and
industrial attention for their prominent features, such as super-
absorbent properties, high loading capacities, the ability to
modulate drug release profiles, and biocompatibility.'> They
find application in tissue scaffolding, drug delivery, cell trans-
plantation, and stem-cell-based therapies because of their
excellent biocompatibility features.'*™*>

As an additional advantage, the synthetic process based on a
radical polymerization process occurring in a frozen state is
effective, cost-saving, and sustainable because the solvent used
to produce them is water.'® This peculiar procedure, which is
mostly applicable to water-soluble monomers, generates inter-
connected macroporous cryogels, the dimensions of which can
be tuned by changing the polymerization parameters.’”” The
distinctive morphology of cryogels improves their elasticity and
mechanical properties compared to hydrogels.'®

Compared to parent hydrogels, they exhibit significantly
improved drug protection'® and excellent oxygen permeability,*
as well as a high drugloading ability and better absorption
capacity.”" Interestingly, depending on the application, their oxygen
permeability may be modulated as a function of the dimension of
the pores.?

Among the monomers, we selected HEMA because it pro-
duces a hydrophilic and biocompatible cryo-polymer with high
water uptake that ensures the exudates’ absorption without
losing the appropriate level of moisture.****

Nevertheless, hydrophilicity determines the lack of adsorption of
hydrophobic species. Specifically, hydrophobic drugs are generally
incompatible with hydrogels.* A strategy to overcome this problem
is to design host-guest supramolecular systems with hydrophobic
cavities, such as self-assembling peptide nanostructures,* cucurbit-
[n]uril-based functionalized microcapsules,”” calix[4]arenes,”® den-
drimers, hyperbranched or star polymers,? and polymeric nano-
carriers based on cyclodextrins.*

Thanks to their unique peculiarities, CDs are among the
most used supramolecular drug delivery systems. They are
cheap, biocompatible, and biodegradable macrocyclic oligosac-
charides composed of o-(1,4)-linked glucopyranose subunits.
Specifically, the three cyclodextrins o-CD, B-CD, and y-CD
consist of six, seven, and eight glucopyranose units forming a
cage-like supramolecular structure that can encapsulate differ-
ent active hydrophobic ingredients.*" The versatile design and
tunable features of CD-polymers (poly-CDs) combine the poly-
mers’ advantages with CD’s ability to form inclusion
complexes.’” Poly-CDs can increase the ability to encapsulate
guest molecules, improve drug stability, and efficiently regulate
the drug release rate.*?

This work introduces a novel approach that takes advantage
of the versatility of radical polymerization of new CD mono-
mers by utilizing a cryo-polymerization process, obtaining
hydrophilic sponge-like materials that are effective in loading
hydrophobic drugs.

Specifically, macroporous interconnected 3D hydrophilic
structures were synthesized based on HEMA and o/f/y-CD
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functionalized with acrylic (A) and styrenic (S) monomers.
The as-prepared acrylic (Acr) and styrenic (Styr) cryogel samples,
named Acr-o-CD, Acr--CD, Acr-y-CD, Styr-a-CD, Styr-p-CD, and
Styr-y-CD, were loaded with antibiotic (lomefloxacin, LOM), anti-
inflammatory (piroxicam, PIR), and antifungal (fluconazole,
FLU) drugs and their release as a function of cavity dimensions
was tested in acidic and saline solutions. Also, a multi-drug
system was prepared by loading anti-inflammatory and antibio-
tic drugs into the same cryogel for simultaneous release and was
tested as a potential administration method for pharmaceuticals
using a smart patch for wound healing applications.

In biomedical applications, bacterial cellulose and chitosan-
based polymers, not including pharmaceuticals, have already been
reported for wound dressing to maintain a sterile environment.**?
Besides this, poly(vinyl alcohol) cryogel membranes comprising
resveratrol have also been produced for skin application. However,
as reported by the authors, the lack of a macroporous network and
the dense consistency obtained in the presence of resveratrol
induced low water uptake capacity.>*® Among the limited literature
regarding delivery systems of PIR, Farooq et al reported the
preparation of biodegradable electrospun nanofibrous mats and
cast films from poly(vinyl alcohol), chitosan, and hydroxyapatite for
insertion into periodontal pockets.*”

Herein, we propose a unique drug delivery system (DDS) for
patch uses, which is able to release piroxicam and other drugs,
such as an antibiotic (lomefloxacin) and an antifungal (fluco-
nazole) drug in skin wound healing. To our knowledge, cryogels
for patch applications in wound healing that can load multi-
drugs and release them under specific conditions have not
been reported.

Experimental section
Materials

a-CD, B-CD, y-CD, acryloyl chloride, 4-vinyl-benzyl chloride
90%, sodium hydride in mineral oil (69%), acetone, dimethyl-
formamide anhydrous (DMF), 2-hydroxyethyl methacrylate
(HEMA), N,N’-methylene-bisacrylamide (MBAA), ammonium
persulfate (APS), tetramethyl-ethylene-diamine (TEMED), etha-
nol (99.9%), sodium hydride 60% in mineral oil, hydrochloric
acid (37%), DMSO (99.7%), and trifluoroacetic acid (TFA) were
purchased from Merk. LOM, FLU, and PIR were obtained
(assigned purity >99%) from Medivis srl. A Milli-Q water
purification system was used to produce deionized water.

Synthesis

Synthesis of a-CD-acrylate monomer (A-a-CD) 1. o-CD (0.5 g,
0.5139 mmol) was dissolved in DMF (7 mL) in a round-bottom
flask under a nitrogen environment and NaH (82.3 mg,
2.0558 mmol, 4 eq.) was added at 0 °C and the reaction mixture
was stirred for 1 h. After that, acryloyl chloride (171 pL,
2.0558 mmol, 4 eq.) was added dropwise. The reaction was
carried out for 24 h at r.t. with stirring. Then, it was poured into
a rotavapor to concentrate the solution.*® Cold acetone was
added, and the solid was recovered by filtration and dried for
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24 h in a drying oven. Yield = 85%. "H NMR (500 MHz, DMSO-
de): & = 6.43-6.03 (m, 4H), 5.99-5.76 (m, 2H), 5.72-5.34 (m,
12H), 4.88-4.70 (m, 6H), 4.66-4.33 (m, 8H), 3.85-3.71 (m, 7H),
3.69-3.56 (m, 16H), 3.31-3.24 (m, 6H); *C NMR (126 MHz,
DMSO-dg): § = 165.67, 130.62, 101.87, 82.09, 73.28, 72.12, 60.03,
35.82, 33.93, 30.80.

Synthesis of a-CD-styrenate monomer (S-a-CD) 2. The title
compound (pale yellow powder) was prepared analogously to
compound 1. a-CD (0.5 g, 0.5139 mmol), NaH (82.3 mg,
2.0558 mmol, 4 eq.), 4-vinyl benzyl chloride (313.7 pL,
2.0558 mmol, 4 eq.). Yield = 74%. "H NMR (500 MHz, DMSO-d):
8 = 7.67-7.53 (m, 4H), 6.88-6.74 (m, 2H), 5.96 (d, J = 12.0 Hz, 2H),
5.38 (d,J = 12.0 Hz, 2H), 4.84-4.72 (m, 6H), 3.84-3.72 (m, 6H), 3.69-
3.55 (m, 18H), 3.44-3.19 (m, 24H); *C NMR (126 MHz, DMSO-d,):
o = 138.85, 135.85, 133.43, 127.42, 126.51, 116.17, 101.91, 82.11,
73.27, 72.11, 66.74, 60.02, 48.10.

Synthesis of p-CD-acrylate monomer (A-§-CD) 3. The title
compound (white powder) was prepared analogously to com-
pound 1. 8-CD (0.5 g, 0.5139 mmol), NaH (70.5 mg, 1.7621 mmol,
4 eq.), acryloyl chloride (146.5 pL, 1.7621 mmol, 4 eq.). Yield =
83%. 'H NMR (500 MHz, DMSO-d): 6 = 6.42-6.29 (m, 3H), 6.26-
6.14 (m, 3H), 5.94-5.84 (m, 3H), 5.81-5.57 (m, 13H), 4.90-4.76 (m,
7H), 4.55-4.39 (m, 10H), 3.72-3.45 (m, 32H); "*C NMR (126 MHz,
DMSO-de): & = 101.89, 81.50, 73.06, 72.43, 72.02, 59.90, 35.79.

Synthesis of p-CD-styrenate monomer (S-p-CD) 4. The title
compound (pale yellow powder) was prepared analogously to
compound 1. B-CD (0.5 g, 0.4405 mmol), NaH (70.5 mg,
1.7621 mmol, 4 eq.), 4-vinyl benzyl chloride (275.9 pL, 1.7621 mmol,
4 eq.). Yield = 71%. 'H NMR (500 MHz, DMSO-d): d = 7.59 (q, J =
8.2 Hz, 3H), 7.51-7.25 (m, 9H), 6.85-6.66 (m, 3H), 6.02-5.87 (m,
2H), 5.88-5.74 (m, 4H), 5.39-5.36 (m, 1H), 5.30-5.14 (m, 3H), 4.87-
4.74 (m, 7H), 3.70-3.47 (m, 32H); *C NMR (126 MHz, DMSO-de):
5 = 138.83, 136.37, 135.86, 133.54, 128.46, 127.48, 125.99, 116.18,
114.34, 102.01, 81.51, 73.17, 73.03, 72.46, 66.65, 59.93.

Synthesis of y-CD-acrylate monomer (A-y-CD) 5. The title
compound (white powder) was prepared analogously to compound
1. y-CD (0.5 g, 0.3855 mmol), NaH (61.67 mg, 1.5419 mmol, 4 eq.),
acryloyl chloride (128.6 pL, 1.5419 mmol, 4 eq.). Yield = 86%.
'H NMR (500 MHz, DMSO-d,): = 6.43-5.98 (m, 7H), 5.82-5.64 (m,
12H), 4.97-4.82 (m, 8H), 4.62-4.47 (m, 9H), 3.73-3.49 (m, 32H),
3.40-3.34 (m, 6H); °C NMR (126 MHz, DMSO-de): 6 = 130.63,
101.62, 80.87, 72.93, 72.14, 59.96, 35.81, 33.96, 30.80.

Synthesis of y-CD-styrenate monomer (S-y-CD) 6. The title
compound (yellow powder) was prepared analogously to com-
pound 1. y-CD (0.5 g, 0.3855 mmol), NaH (61.67 mg, 1.5419 mmol,
4 eq.), 4-vinyl benzyl chloride (241.43 pL, 1.5419 mmol, 4 eq.).
Yield = 75%. "H NMR (500 MHz, DMSO-de): § = 7.66-7.54 (m, 5H),
7.49-7.35 (m, 6H), 6.88-6.66 (m, 4H), 6.01-5.89 (m, 2H), 5.42-5.33
(m, 2H), 5.31-5.20 (m, 2H), 4.93-4.81 (m, 8H), 3.73-3.56 (m, 38H);
3C NMR (126 MHz, DMSO-dg): § = 162.28, 138.86, 136.37, 135.84,
133.42, 128.24, 127.39, 126.51, 125.99, 116.19, 101.70, 80.96,
80.92, 73.09, 72.14, 66.80, 60.01, 35.77, 30.63.

Synthesis of CD-HEMA cryogels. Acr/Styr-o/p/y-CD cryogels
were synthesized by a radical polymerization process. In detail,
functionalized monomers of o/f/y-CD and HEMA as co-
monomers were dissolved in water at a molar ratio of 1:28.
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The cross-linking agent N,N’-methylene bisacrylamide (MBAA)
was added at a monomers/crosslinker molar ratio of 6:1 and
mixed until complete dissolution. The amount of water was then
corrected to obtain a total content of polymerizable compounds
of 10% w/v of the solution. The mixture was cooled at 0 °C and
then 1% v/v of a water solution of APS at a concentration of 10%
w/v was added, followed by 1% v/v of a water solution of TEMED
at a concentration of 10% w/v. The mixture was stirred for
1 minute, then distributed into 3 mL capped syringes (1 cm in
diameter, ~1 mL final volume) and poured into a cryostatic bath
at —15 °C for 24 h. Afterward, the frozen samples were thawed,
washed with water and ethanol, and dried under nitrogen flux;
then, all samples were dried under a vacuum overnight at 40 °C.
Synthesis of HEMA cryogel. HEMA cryogel was synthesized,
washed, and dried using the same procedure used to synthesize
CD-HEMA cryogels.? All the subsequent operations were iden-
tical to the process used to synthesize CD-HEMA cryogels.

Characterization

NMR spectroscopy. 'H and *C NMR spectra were recorded,
at 300 K, on a Varian UNITY Inova spectrometer, at 500 MHz for
"H NMR and 125 MHz for "*C NMR. Chemical shift (J) values
are given in ppm.

Matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF MS) analysis

MALDI mass spectra (Fig. S1-S12, ESIt) were acquired in a reflector
mode using a 4800 MALDI-TOF/TOF™ analyzer (Applied Biosystem,
Framingham, MA, USA), equipped with an Nd:YAG laser (wave-
length of 355nm) and working in a positive-ion mode. The laser
had a wavelength of <500 ps pulse and a 200 Hz repetition rate.
The mass resolution of MALDI spectra was about 10 000 (full width
at half maximum, FWHM) and mass accuracy was 1-10 ppm for
masses in the range m/z 200-1000 Da. An appropriate amount of
monomers 1-6 was dissolved in H,O and mixed with the solution
of 2,5-dihydroxybenzoic acid (DHB) matrix to obtain a 1:1 ratio.
1 pL of each sample/matrix mixture was spotted onto the MALDI
sample holder and dried at 25 °C to allow matrix crystallization.

Fourier transform infrared (FTIR) analyses

FTIR analyses in the 4000-400 cm ™" region were performed
using an FTIR System 2000 (PerkinElmer, Waltham, MA, USA)
and KBr as medium.

Thermogravimetric analyses (TGA)

Thermal behaviors and kinetics parameters of the synthesized
monomers and cryogels were determined using TA instruments
operating software (New Castle, Delaware, US). The measure-
ments were performed in a temperature range of 40 °C to
800 °C, at a heating rate of 10 °C min~" under nitrogen flow
(60 mL min~"), using 5 + 0.1 mg of sample.

Scanning electron microscopy (SEM)

Surface morphologies of cryogel samples were observed using a
desktop scanning electric microscopy Thermo Phenom Prox
system (Thermo Fisher Scientific - Waltham, MA, USA) (SEM)
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combined with a fully integrated energy-dispersive X-ray detector
(silicon drift detector). The samples were lyophilized before and
after drug loading. Tmage]® software (National Institutes of
Health, Bethesda, MD, USA) was used to measure the pore size.
Energy-dispersive X-ray spectroscopy (EDX) was used to deter-
mine the chemical composition of all the prepared materials.

Swelling test

Before the measurements of swelling properties, each cryogel
was cut into small specimens of 9 mm diameter and 10 mm
length. The samples were placed in excess deionized water to
enable complete washing out of the unreacted monomer,
initiator, or soluble polymer. Water was replaced twice daily
until the samples reached a swelling equilibrium at room
temperature. Before weighing, each sample was taken out from
the water, and surface water was blotted. Each sample was
weighed at least three times to perform accurate measurements.
Afterward, the swollen samples were dried in a freeze-dryer and
again weighed. For each type of cryogel, all measurements were
repeated with three parallel samples, and the average result was
calculated. The standard deviation was less than 5%.

Drug loading

First, PIR and FLU were dissolved in a mixture of DMSO/H,0O
2:1 at a concentration of 1 mg mL ™", while LOM was dissolved
in H,O at the same final concentration of 1 mg mL ™. Then, 250 pL
of each solution was loaded into 10 mg of dried cryogel separately.
For the multi-drug loading experiment, 250 L of PIR 1 mg mL "
was mixed with 250 uL of LOM 1 mg mL ", and a final volume of
500 pL of the prepared solution was added to 10 mg of dried
cryogel. The samples were incubated for 24 h in the dark. The
solvent was removed by multiple washes with a total volume of
3 mL of water. Aqueous wastes were collected to measure the
discarded amount of the drug using a UV-vis spectrophotometer,
allowing the estimation of the actual loading capacities. Subse-
quently, the drug-loaded cryogels were frozen and freeze-dried for
24 h. The tests were performed in triplicate.

Drug loading efficiency (DLE) or drug loading content was
calculated from the following equation:*°

Weight of loaded drug

DLE =
(%) Weight of total drug

100

Drug release

Each drug-loaded freeze-dried cryogel was tested for drug
release in an acidic solution and saline buffer at 37 °C. The
acidic solution was prepared by adding HCI to water up to a pH
of 3, while the saline buffer consisted of a ready solution of PBS
(phosphate-buffered saline, pH 7.4).

Each sample was placed in a vial with 10 mL of solution
(acidic and saline), and different aliquots were collected at
different times: 10 and 30 minutes, 1, 2, 3, 4, 5, 8, and 24 hours.
The released amount of drug was determined using a UV-vis
JASCO spectrophotometer.

The cumulative amount of drug released was calculated using
a UV-vis JASCO spectrophotometer based on the calibration

2696

View Article Online

Materials Chemistry Frontiers

curves in the specific medium (Fig. S21 and S22, ESIf), in a
concentration range of 0.010-0.025 mg mL ™" for LOM, PIR, and
FLU, and a concentration range of 0.005-0.020 mg mL " for the
multi-drug solution.

After each measurement, the collected aliquots were rein-
serted into the vial with the samples not to change the release
volume and maintain a cumulative concentration of the drug
released. The tests were performed in triplicate.

Drug release efficiency (DRE) was calculated from the follow-
ing equation:

Mass released drug

Mass loaded drug x 100

DRE (%) =

Kinetics of release. The release behavior of all CD-HEMA cryogels
and HEMA cryogels, used as a control with various drugs, has
been compared with mathematical models primarily used in
drug delivery.*' Data points within the first 3 hours of release
were used for the fitting process to avoid interference from the
saturation of the medium with the real system kinetics.

Equations chosen:

Zero-order kinetics:

M,/M, = kot

This kinetic equation expresses a constant release over time,
often related to solid dissolution.*>
First-order kinetics:

MM, =1 — e Xt

In this case, the drug release is concentration-dependent; thus,
it decreases with time.**
Korsmeyer-Peppas model:

Mt/M% = k3tn

This equation has been designed to describe drug release from
polymeric matrix systems as hydrogels.** The model is useful
when the release mechanism is unclear or when different
factors influence it. Depending on the n value, it is possible
to distinguish Fickian diffusion, anomalous transport, case I
transport, and super case II tmnsport.45

Higuchi model:

1
Mt/Moo = ky12

This represents one of the most used models for drug release from

matrix systems, mainly thin films or membranes. The relation

considers particle diffusion through homogeneous matrices.*
Weibull model:

MM, = 1—exp(—at’)

This model is mainly used to compare matrix systems and their
drug-release kinetics.

In all the mentioned equations, M, represents the cumula-
tive release at time t; M, is the amount of drug loaded in the
system at time 0; ¢ is the release time; while the various k values
are the kinetic constants, and other factors such as n, a, and b
are specific indices.*”
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Biocompatibility cellular test. Human dermal fibroblasts
(HDF; 106-05a), 5000 cells per well (obtained from ECACC,
Sigma) were used to determine the cytocompatibility of the
synthesized cryogels. Cells were cultured on 96-well plates for
24 h in DMEM with 10% v/v FBS and 1x v/v penicillin-
streptomycin at 37 °C in a 5% CO, incubator. The cryogel
samples (5 mg) were added to cells, at 80% confluence, for 72 h.
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] assay was used to assess the cell viability. The optical
density of the dissolved formazan crystals was quantified at
575 nm using spectrophotometric analysis (Tecan Sunrise
Microplate Reader).

Results and discussion
Synthesis and characterization of monomers and cryogels

An appropriate macromolecular container design is crucial to
maximize drug benefits and avoid adverse collateral reactions.
In light of this, using cryogels could be an effective and valuable
strategy in this field. To perform the cryo-polymerization reac-
tion of o/B/y-cyclodextrin (o/B/y-CD) derivatives, a preliminary
functionalization of monomers was accomplished. Nucleophilic
substitution of o/p/y-cyclodextrins with acryloyl chloride and
4-vinyl-benzyl chloride to form the corresponding acrylic and
styrenic monomers was performed using a molar ratio of CD/
acryloyl or 4-vinyl-benzyl chloride of 1:4 (Scheme 1). Despite the
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presence of many hydroxyl groups in the skeleton of cyclodextrins,
each -OH possesses a distinct reactivity; in fact, primary hydroxyls
at the C6 position are the most basic and nucleophilic and,
consequently, the most reactive.”®> NMR spectroscopic analysis
and MALDI experiments were used to determine the degree of
cyclodextrin substitution. The number of substituents introduced
on the cyclodextrin was strictly correlated to the dimension of CD.
It has been observed that a more extensive substrate cavity
corresponds to an increase in the degree of substitution when
the added moiety is bulky, like the 4-vinyl-benzyl group. Therefore,
B and y-CD monomers resulted in tri-, tetra-, and even penta-4-
vinyl-benzyl substitution, while o-CD was only mono- or di-
substituted.

Regarding the acrylic group, the behavior of all three cyclo-
dextrins was similar, with a degree of substitution of 3. Spectral
analysis also showed that the bulkiest 4-vinyl-benzylic moiety
binds less effectively to the CD than the acrylic one, which
determines lower yields. The "H-NMR spectra (Fig. S1-$12,
ESIT) showed that after the reaction of o, B, and y-CDs with
acryloyl chloride and 4-vinyl-benzyl chloride, characteristic
olefinic proton signals appeared in a range from 5.74 to 6.33
ppm, indicating the presence of unsaturated double bonds. The
degree of substitution was calculated by comparing the integral
of the protons at the terminal carbon of p-(+)-glucopyranose of
CD, the peak at position 2. The success of the reaction of a, £,
and y-CDs with 4-vinyl-benzyl chloride was confirmed by the
presence of benzylic hydrogens in the range of 7.23-7.74 ppm.

\
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o 1
HO [} 2
\% -
A-alfly-CD
?/Zo\u Hg%
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2
3
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Scheme 1 Synthesis of acryloyl a/B/y-CDs and 4-vinyl-benzyl o/B/y-CD monomers.
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According to MALDI analysis (Fig. S13-S18, ESI¥), the obtained
cyclodextrin monomers have a different degree of substitution
based on the dimension of their cavity and reagents used.

Considering the steric hindrance of the CD substrate, which
could negatively influence the polymerization process, a co-
monomer was used to synthesize the final cryogels (Scheme 2).
Specifically, HEMA was selected by carrying out two reactions
with different CD/HEMA molar ratios (1:10 and 1:28). It was
found that the CD/HEMA ratio influenced the yield of polymer-
ization, which was assessed to be 80% in the case of the 1:28
CD/HEMA molar ratio compared to 50% for the 1:10 ratio,
while the HEMA cryogel was synthesized with a yield of 85%.

The chemical structure of the synthesized copolymers was
confirmed by FTIR analysis. The infrared spectra of cryogels
Acr-o-CD, Acr-B-CD, Acr-y-CD, Styr-o-CD, Styr-p-CD, and Styr-y-
CD are shown in Fig. S19 (ESIt) and show the disappearance of
the pattern of the typical signal related to methylene (-C—C)
groups of the monomers in the range 1000-800 cm ™", confirm-
ing the formation of a polymeric sponge. The spectra present
characteristic diagnostic bands at 3400-3100, 3000-2780, 1650,
and 1082 cm ™' related to the stretching vibrations of the O-H,
C-H, C=0, and C-O groups, respectively. Additionally, a broad
transmittance peak at 3292 cm ™' is due to the valence vibra-
tions of O-H bonds (C-OH).

The thermal stability of CD-HEMA cryogels was investigated
using TGA (Fig. S20, ESIt). The weight loss was recorded up to
800 °C, calculating temperatures at 5% of weight loss (T, °C),
temperatures at the maximum rate of degradation (Tayx, °C),
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Scheme 2 Synthesis of Acr-a-CD, Acr-B-CD, Acr-y-CD, Styr-a-CD, Styr-
B-CD, and Styr-y-CD cryogels.
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and residual masses (Wt%). As shown in Table 1, all samples are
characterized by an initial weight loss in the 80-140 °C range,
most likely due to the dehydration of CDs and cryogels.**>°
Thermal degradation of HEMA-CD cryogels started from 270 to
480 °C, including the (i) degradation of cyclodextrins to form
CO,, levoglucosan, and furan compound and, (ii) unzipping
HEMA reactions to form HEMA monomers. Specifically, the
residues obtained at 800 °C for acrylate cryogels are derived
from cyclodextrins that tend to form char under inert
conditions.” These findings further confirmed the success of
the polymerization of the cyclodextrin-based monomers. In the
case of styrene derivatives, residues can also arise from the
presence of styrene groups that typically produce char-like
structures (Mecca CEJ 2020).

To determine the swelling properties, the standard gravi-
metric procedure was used as described.’® As expected, all
materials showed a swelling ratio inferior to that of HEMA
used as the control (Fig. 1a). Indeed, this finding can reason-
ably be ascribed to the high numbers of cross-linking moieties
in the functionalized CD that affected absorption properties.
Nevertheless, the increase in cross-linked bridges imparts
excellent resistance to the cryogels during the loading/
releasing tests.

Morphological analyses of the synthesized cryogels are
shown in Fig. 1b-g. As observed from the micrographs, all
materials showed peculiar open-cell morphology with an inter-
connected macroporous structure and the pore diameter ran-
ging from 10 to 70 pm. This peculiarity is characteristic of the
cryopolymerization process using monomers and cross-linkers
at appropriate concentrations.

Drug loading

Polymeric gels based on cyclodextrins are gaining interest as
vehicles for therapeutic agents, as they can incorporate drugs,
ensuring a controlled release of the active ingredient.>

The capacity of the newly synthesized CD-HEMA cryogels to
incorporate molecules within their structure was tested using
LOM, PIR, and FLU as drug references. Fig. 2 shows all
samples’ drug loading efficiency (DLE). All the tested drugs
were effectively incorporated into all the cryogels, where the
presence of cyclodextrins made the difference. Indeed, drug
loading efficiency differs among the cryogels depending on
their network architecture.

For wound healing applications, the ability to release both
anti-inflammatory and antibiotic drugs simultaneously surely

Table 1 Temperatures at 5% weight loss, temperatures at a maximum
decomposition rate, and residual masses at 800 °C of the synthesized
cryogels

Sample Ts (°C) Tmax (°C) Weight residue (wt%)
Acr-a-CD 122.23 427.97 2.38
Acr-B-CD 121.54 436.74 1.14
Acr-y-CD 157.18 438.02 2.58
Styr-o-CD 95.21 440.17 3.48
Styr-B-CD 95.12 434.52 3.71
Styr-y-CD 79.40 436.73 2.28
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Fig. 1 (left) a) Swelling ratio of HEMA-CD cryogels. (right) SEM micro-
graphs of the synthesized cryogels: (b) Acr-a-CD; (c) Acr-B-CD; (d) Acr-vy-
CD; (e) Styr-a-CD; (f) Styr-B-CD; and (g) Styr-y-CD. Scale bars are 100 um.

could be an added advantage. In this view, we prepared and
tested a multiloading system based on PIR and LOM, evaluat-
ing the DLE as a function of cryogel structures (Fig. 2d).

As well stated, drug loading depends on (i) the surface area,
(i) the solution uptake capacity related to the swelling ability of
the system, (iii) the porous network, and (iv) the CD cavity
dimensions. Generally, the larger and more flexible hydropho-
bic core better accommodates drugs, although selectivity may
be compromised.>

It is worth noticing that not only CD functionalization
contributes to the drug loading capacity, but also acrylic and
styrenic moieties can help establish secondary interactions (H-
bond and n-n staking) with used drugs contributing to the
loading capacity.

As highlighted in Fig. 2a, the LOM loading capacity for the
HEMA cryogel was 28% drug in the starting solution,
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corresponding to 7 mg g~ ', whereas CD-HEMA cryogels have
a drug loading capacity ranging from 8.8 to 17 mg g . It is
possible to assume that when the drug molecules are inside the
cyclodextrin cavities, they can form H bonds between their -OH
or -NH groups and the carbonyl groups of the CD acrylate
moieties. Probably, when the acrylates are substituted with the
styrenyl portion linked to the CDs by the oxygen, these bonds
become weak or may be sterically hindered.

In particular, our experiments highlight how LOM uptake
increases as the volume of the CD increases, while other studies
have found that f-CD is best suitable for LOM, emphasizing the
importance of the volume of the cavities.”® In this case, the
higher number of styrenic substituents in Styr-y-CD could play
a key role in LOM absorption forming n-n interactions.

PIR displayed a DLE of 46% of the drug solution prepared,
which corresponds to 11.5 mg g~ over HEMA and ranges from
44 to 64%, which means 11-16 mg g~ ' for CD-HEMA cryogels
(Fig. 2b). DLE measurements revealed only slight differences in
the adsorption efficiency with the best values obtained by B- and
v-CD cryogels; this finding could be attributed to the planarity of
these CDs which may have led to a less steric impedance when
positioned among the polymeric chains.>*>¢7%

FLU showed a DLE of 52%, that is 13 mg g, for HEMA and
a value ranging from 46 to 78%, which corresponds to 11.5-
19.5 mg g~ ' for CD-HEMA cryogels (Fig. 2c), with an excellent
adsorption amount in the case of Styr-B-CD reaching a DLE
value of 78%. The capability of Styr-B-CD in adsorbing FLU can
be derived from the volume of the B-CD cavity that is more
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Fig. 2 Drug loading efficiency (DLE) after 24 h of adsorption of HEMA and CD-HEMA cryogels for (a) lomefloxacin (LOM), (b) piroxicam (PIR), (c)

fluconazole (FLU), and (d) multi-drug loading system (LOM and PIR).
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suitable for its spatial conformation. Interactions of styrenic
moieties with the three aromatic rings of FLU may also play an
important role.

PIR and LOM were contemporarily loaded in the same
samples to design a wound healing system encompassing
anti-inflammatory and antibacterial effects. The loading capacity
for the multi-drug system was found to be 36% for LOM over
HEMA, corresponding to 9 mg g~ ; the value ranged from 34 to
44% (8.5 to 11 mg g~ ') for CD-HEMA cryogels (Fig. 2d). Regarding
PIR, the HEMA cryogel showed an uptake of 10 mg g~ (40%),
whereas values in the range 8-11 mg g~ * (32-44%) were shown by
CD-HEMA cryogels. In such a case, the system’s saturation may
influence the DLE at the material-solution interface.

The HEMA cryogel, used as a reference, showed good
adsorption of selected drugs. However, such behavior could
be due to multiple nonspecific H-bonds rather than specific
interactions with selected drugs.

SEM images were also recorded after the loading of drugs
into the cryogels, which confirmed the success of drug loading,
as shown in Fig. 3 (up). Comparing the images of the drug-
loaded cryogels (Fig. 3b-e) with those of the untreated ones
(Fig. 3a), it is possible to observe the lack of little spots
corresponding to the agglomerates of drug molecules.
Undoubtedly, part of the drug is inserted into CD cavities.
However, as proved by the kinetics of release, it is evident that a
portion of the loaded molecules would be deposited on the
surface of the cryogel and between the polymeric chains. More-
over, considering the case of PIR, bearing a sulfur atom in its
skeleton, the achievement of the drug loading was confirmed
by energy dispersive X-ray analysis (EDX). Fig. 3 (down) shows
the reported values of the EDX graph that show that the Acr-a-
CD cryogel loaded with PIR was mainly composed of C, O, N,
and S atoms.

Drug release

The release efficiencies of the drug-loaded cryogels in acidic
buffer, pH 3, and saline buffer, pH 7.4 at 37 °C, were investi-
gated. The experimental data are shown in Fig. 4. The release
profiles of LOM, PIR, and FLU from HEMA and CD-HEMA
cryogels were measured to study their response as a function of
salinity and pH. The release of LOM in an acidic environment is
particularly favored because almost 90% of the drug is released
from both HEMA and CD-HEMA (Fig. 4a). However, the release
of LOM from Acr-0-CD and Acr-B-CD was slightly inferior to that
from Styr-o-CD and Styr-B-CD because LOM forms a hydrogen
bond with the acrylic moieties. These bonds are undoubtedly
stronger than n-stacking interactions that occur with the phenyl
ring of the styrenyl derivatives. Acr-B-CD releases better than
Acr-o-CD since its more extensive cavity favors the drug solva-
tion and release.

For the same reason, the best results were obtained with Acr-
CD. Indeed, the dimension of the cavity plays an important role
since the release of the drug from a more extensive cavity is
favored. Moreover, note that bigger cavities with more moieties
could have successfully formed more drug-CD complexes,
encapsulating a higher amount of drug ready to be released

View Article Online

Materials Chemistry Frontiers

b) ) ‘{;) 'F;.. i
a S

Element Symbol Atomic Conc. Weight Conc.
C 51.44 44.91
] 32.83 38.18
N 15.06 15.34
S 0.67 1.56

Fig. 3 (up) SEM images of (a) Acr-a-CD cryogels without the drug and
with (b) LOM, (c) PIR, (d) FLU, and (e) multi-drug system. (down) EDX-
derived atom percentage of the Acr-a-CD cryogel loaded with PIR.

in this step. In saline buffer, the LOM release ranged from 72%
to 91%(Fig. 4b). Therefore, we can highlight that HEMA released
only a minor part of the drug compared to Styr-y-CD, while Acr-o-
CD had a lower efficiency. Moreover, there were no relevant
differences in the release between the other tested cryogels.

In the case of PIR, the release amount ranged from 23% to
71% in an acidic solution and from 25% to 60% in a saline
buffer (Fig. 4c and d). In this case, it seems possible to note that
acrylic moieties had a higher drug release efficiency than
styrenic moieties in both acidic solution and saline buffer,
which could be responsible for more stable interactions with
PIR. According to the literature citing the PIR-B-CD complex,
the release of PIR from B-CD was consistent under both acidic
and saline conditions. Despite the successful loading of PIR
into the synthesized cryogels, its release was found to be
discouraged by the hydrophilic medium nature. Further studies
will be required to establish whether the amount of released
drug in vivo would be sufficient to show an anti-inflammatory
effect. The release of PIR was higher for B-CD cryogels, possibly
due to the presence of the molecules in the CD cavities rather
than in the complex with the polymer matrix.

In the case of fluconazole, the release amount ranged
between 46 and 92% in an acidic solution for HEMA and CD-
HEMA cryogels, while in a saline buffer, it was between 53 and
79% (Fig. 4e and f). As reported for LOM, FLU showed a higher
release amount from cryogels with styrenic moieties, with the
maximum amount for Styr-y-CD in an acidic solution and for
Styr-o-CD in a saline buffer.

The multi-drug system cryogels of CD-HEMA showed higher
release efficiency than HEMA in both acidic and saline buffers
(Fig. 4g and h). In acidic solutions, Styr-o-CD and Styr-B-CD
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Fig. 4 Drug release efficiency (DRE) after 24 h in an acidic solution (pH = 3) and a saline buffer (pH = 7.4) of HEMA and CD-HEMA cryogels for (a and b)

LOM, (c and d) PIR, and (e and f) FLU. DRE of HEMA and CD-HEMA cryogels

displayed a higher drug release efficiency, while in a saline buffer,
Styr-0-CD and Styr-B-CD, and Acr-y-CD gave the best results. The
results are not perfectly aligned with the single drug release;
however, this may be due to multiple factors, such as release
medium saturation, drug interactions in the matrix, and others.
Overall, we can see good results for Styr-B-CD, confirmed from the
literature as B-CD is often reported to form a complex with LOM
and PIR.>>*"®" Moreover, the styrenic moiety seemed suitable for
loading and release as it can provide moderate n-7 interactions.

Drug release kinetics

Looking at the release behavior (Fig. S23-S30, ESIf), we can
see how a greater quantity of the drug is released in the first
5-8 hours. In fact, it was already reported in the literature that

for LOM and PIR in a multi-drug system in (g) acidic and (h) saline solutions.

proteins and drugs encapsulated in cryogels generally show an
initial rapid burst release followed by a slower drug release.®>%?
Conversely, especially for the multi-drug release in the saline
buffer (Fig. 5), it appears that styrene cryogels release the
loaded drugs faster than acrylic cryogels reaching the equili-
brium conditions after 5 hours, while acrylic cryogels can retain
the loaded drug for a longer time and release it, continuously
and in small amounts, within 24 h.

From the fitting analysis of the empirical data with the
equations mentioned in the methods, two models showed the
highest score (Tables S1-S5, ESIT). First, the Weibull model,
with an R®> value ranging from a minimum of 0.91 to a
maximum of 0.999 and an average of 0.963, followed by the
Korsmeyer-Peppas model, with an R® value ranging from a
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Fig. 5 Simultaneous drug release of LOM and PIR from (a) Acr- and Styr-a-CD, (b) Acr- and Styr-B-CD, and (c) Acr- and Styr-y-CD cryogels in the

saline buffer.

minimum of 0.898 to a maximum of 0.999 and an average of
0.952. The Higuchi model showed an average of R*> of 0.925,
significantly lower than the models mentioned above, demon-
strating that the release was not dependent on system dissolu-
tion. The first-order and the zero-order models had lower R*
values, indicating that their fitting was inappropriate (Tables
S1-S5, ESIT). By way of examples, in Fig. 6 are reported all the
fitting curves of the models previously described for Styr-B-CD,
which is one of the most exciting samples. Both Weibull and
Korsmeyer-Peppas models describe the release behavior from
matrix systems, which is in accordance with our cryogel
samples.

Moreover, both models seem to show a higher fitting for the
release in a saline buffer. The Weibull model showed » < 1,
indicating initial parabolic kinetics followed by an exponential
decrease, while the release exponent in the Korsmeyer-Peppas
model was mostly n < 0.45, indicating Fickian diffusion in
most cases with some cases of 0.45 < n < 1.0 anomalous
transport, which comprises both diffusion and swelling.
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Fig. 6 Kinetic release fitting for Styr-p-CD with LOM in the saline buffer:
zero-order model, R> = 0.776; first-order model, R = 0.928; Higuchi
model, R? = 0.922; Korsmeyer-Peppas model, R? = 0.984; and Weibull
model, R? = 0.99.
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This suggests that the release behavior of cryogels is influenced
by multiple factors.*®

Considering the Weibull model, most likely, the release
is a multi-step process: (1) fast release, the medium in contact
with the surface of the cryogel permits the release of the drug
adhered to the surface; (2) soon, the medium enters the matrix,
causing swelling that favors the drug release from the macro-
porous polymeric network; and (3) medium enters the CD cavity
thus displacing the drug. The burst effect of our system is well
described by Weibull and Korsmeyer—-Peppas models, reflecting
the presence of a multi-step process for drug release of our
cryogels as seen in analogous materials. This behavior may be
beneficial in wound healing and burn skin applications, as the
system will readily deliver LOM and PIR, preventing infections
or inflammation.®*

Cytocompatibility

The cytotoxicity of Acr-o-CD, Acr-B-CD, Acr-y-CD, Styr-o-CD,
Styr-B-CD, Styr-y-CD, and HEMA cryogels was assessed using
human dermal fibroblasts to confirm their biocompatibility
and suitability as drug delivery systems. The outcomes are

Cell viability (%)

QO O O
('of ‘,0' (" ("0 (A'o ﬂ'*lo
¥ o
Fig. 7 Cytocompatibility assay of CD-HEMA cryogels over the human
fibroblastic cell line.
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represented in Fig. 7. The viability of the treated cells incubated
for 72 hours with HDFs was comparable to the vehicle-treated
and untreated control cells. These results confirmed that the
cryogels have acceptable biocompatibility and do not induce
any cytotoxic effects over HDF cells.

Conclusions

Cryogels containing functionalized o, B, and y-cyclodextrins
have been prepared by exploiting new monomers specially
designed for this purpose. Six different monomers were synthe-
sized, Acr-o-CD, Acr-B-CD, Acr-y-CD, Styr-a-CD, Styr-B-CD, and
Styr-y-CD, and used for the copolymerization in a cryo mode. To
achieve a therapeutic effect, PIR, LOM, and FLU, in a single and
dual formulation, were loaded into cryogels with DLE up to
78%, with the best results from y-CD cryogels. At the same
time, the release of selected pharmaceuticals was achieved by
changing pH and salinity, reaching values up to 95%.

For all systems, a burst effect was observed in the first 3-5 hours,
which was reasonable due to drug adsorption on material surfaces.
This fast release is advantageous in the case of wound healing,
especially in the treatment of skin wounds or burns. In addition,
the drug release of the molecules embedded into the hydrophobic
CD cavities within 24 hours ensures a treatment’s continuity.

The cavity of the CDs plays a fundamental role in both
loading and release processes, whereas the acrylic and styrenic
moieties seem to form valuable interactions to stabilize the
drug-CD complex while allowing the subsequent release. The
release curves were fitted into different mathematical models,
and it was found that the Weibull model was the best fit, with
an R* value in the range of 0.91-0.999.

Finally, multi-drug systems were formulated with a dual
objective of protecting the skin from bacterial infections while
reducing the inflammatory process (Fig. S31, ESIT). This prac-
tical approach could be a game-changer in wound healing
applications, representing a proof of concept that should be
further investigated in the future.
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