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In this work, two novel selenium glycoconjugates are proposed as antioxidants to accelerate skin repair. These
molecules, designed with more antioxidant sites and improved healing activity, are composed by a selenosugar
covalently linked to a caffeic acid or a resveratrol residue. The selenium glycoconjugates have been synthesised
and then loaded in a hydrogel flexible film, in order to obtain an active wound dressing. The chemical interaction
between the hydrogel and the embedded selenium glycoconjugates can be modulated by the pH values, resulting
in a pH-sensitive delivery system. In particular, the caffeic acid-containing compound is released at acute

wounds’ pH (7.4), while the resveratrol-containing conjugate is released at pH 9.6, typical of chronic wounds.
The specific characteristics of the hydrogel and the antioxidant features of the selenium glycoconjugates, as well
as the proven controlled release, candidate the designed system at wound care practices.

1. Introduction

Wound care is a widespread health issue and represents a significant
cost to the public health system. Wounds are clinically classified in acute
and chronic lesions. The formers are temporary and are usually caused
by specific factors - like surgery, radiation, chemicals — and they natu-
rally heal in 8-12 weeks. In this kind of wounds, the healing process
usually leads to a normal anatomical structure and function restoration
of the injured area. On the other hand, chronic wounds represent a
persistent status and they are usually related to physio-pathological
conditions such as diabetes [1], vascular diseases or prolonged bed
rest [2]. Although their prevalence and incidence are difficult to eval-
uate because of their various management across different regions in the
world [3,4], it is estimated that 1-2 % of the population in developed
countries will experience a chronic wound during their lifetime [3].
Chronic wounds are characterised by a limited repairing process, in
which an optimal anatomical and functional integrity is not reached;
this inconvenience usually leads to subsequent complications that
require clinical assistance and related financial resources [5]. Several
coexisting factors, indeed, can affect the repair, among them the patient
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age, the presence of vascular, metabolic and autoimmune diseases, as
well as an ongoing drug therapy. For these reasons, the incidence of
chronic wounds is increased in the elderly population, in which wound
closure capacity usually declines [6,7].

Several studies show that Reactive Oxygen Species (ROS) are key
regulating factors in skin repair. At low level, ROS are involved in mi-
croorganisms killing and promoting the angiogenesis and re-
epithelialization, favouring an effective wound closure [8]. By
contrast, altered levels of ROS compromise wound’s repair. Interest-
ingly, re-establishing the redox balance has been shown to improve the
inflammatory skin conditions [9] and restore the healing process, even
in chronic wounds, characterised by a persistent oxidative stress
[10-13]. Different antioxidant approaches have been investigated to
understand their potential beneficial effects in wound repair. With this
aim, pharmaceutical and medical companies have proposed and
launched on the market a plethora of wearable devices [14] that are
more and more patient-friendly, comfortable and smart. In particular,
many materials have been investigated and utilised for the fabrication of
the so-called “smart patches’’, which, rather than only isolating the
wound, are also able to actively participate in the wound care process
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[15], due to the antibacterial [16] or antioxidant substances they
contain [17]. Among the explored materials, hydrogels are the most
commonly used biomaterials in wound dressing [18]. They, indeed, are
flexible, biocompatible and biodegradable, with high potential water
content [19]. Hydrogels can crosslink under mild conditions and their
biochemical, biophysical and mechanical properties can be tuned as
required. In addition, they are water-swollen systems that are able to
absorb tissue exudates, promoting tissue regeneration, allowing oxygen
to permeate and protecting wounds from microbial invasion [20].
Furthermore, when loaded with bioactive molecules, such as antibiotics,
drugs or natural compounds [21], as well as bioactive particles [22] and
nanoparticles [23,24], hydrogels can exchange the embedded molecules
with the absorbed exudates [25].

Taking into account the avowed advantages of using antioxidants in
wound healing [8,26,27] and the wide use of biocompatible hydrogels
in wound dressing [28], in this work two glycoconjugates with potential
antioxidant activity are tested, and a transdermal delivery system is
proposed.

Both the compounds are potential antioxidants since they contain
two different active sites in its structure: a selenium atom - inserted in a
sugar ring - and a phenolic moiety. It has already been proved, indeed,
that a class of selenium compounds, namely selenosugars, are actively
involved in skin repair mechanisms [26]. Polyphenols, on the other
hand, are a markedly heterogeneous class of natural compounds [29],
that have been recognised to have antioxidant effects, beneficial in the
prevention of several diseases [30-37] Among polyphenols, the
resveratrol shows a series of beneficial biological properties: it can
modulate cell proliferation, angiogenesis and redox intracellular equi-
librium [38,39]. In a similar way, the caffeic acid has anti-carcinogenic,
antimicrobial, anti-inflammatory, antioxidant and immunomodulatory
effects both in vitro and in vivo [40,41]. Because of their promising
properties, the resveratrol, as well as the caffeic acid, are widely used in
cosmetic and nutraceutical applications.

The exploited hydrogel material is a polymeric blend constituted by
two different synthetic polymers, namely poly(hydroxyethyl methac-
rylate) (HEMA) and poly(ethylene glycol) diacrylate (PEGDA). Hydro-
gels based on HEMA and PEGDA are largely studied [42] and widely
utilised in biomedical applications [43,44], thanks to their non-toxicity
and non-immunogenic properties. The Food and Drug Administration
(FDA) approves their use for medical purposes, including human intra-
venous injection, oral and dermal applications [45,46].

The selenium glycoconjugates here proposed are innovative com-
pounds that, with respect to conventional selenosugars, have additional
antioxidant sites that could improve their redox activity. In order to
exploit the properties of seleno glycoconjugates, a hydrogel-based sys-
tem has been designed to deliver these compounds in a controlled
manner. This polymeric matrix embedding selenium glycoconjugates
could be a novel biocompatible dressing to skin repair able to remove
ROS from wound site. In addition, this system allows a pH sensitive
transdermal delivery of the loaded molecules, due to the specific inter-
action between each compound and the polymeric material.

2. Material and methods
2.1. General information

All the reagents are acquired (Aldrich, Fluka, Sigma) at the highest
purity available and used without further purification. The 'H- and '3C
NMR spectra are recorded at 500 and 125 MHz, respectively, on a
Fourier Transform NMR Varian 500 Unity Inova spectrometer, or at 400
and 100 MHz, respectively, when a Bruker DRX 400 MHz spectrometer
is utilised. CDCl; is used as a solvent, unless otherwise specified. The
proton couplings are evidenced by 'H-'H COSY experiments. The het-
eronuclear chemical shift correlations are determined by HMQC and
HMBC pulse sequences.
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2.2. Synthesis of organoselenium compounds

Compounds are prepared according to an already published pro-
cedure [47]. The synthetic route provided the chemical conversion of p-
ribose 1 into a useful scaffold, the selenosugar 3. The synthesised
compounds are characterised by NMR spectroscopy.

4-((E)-3-acetoxy-5-(((3aR,4S,6a8)-2,2-dimethyltetrahy-
droselenopheno [3,4-d] [1,3] dioxol-4-yl) methoxy)styryl)phenyl
acetate (below called 4): to a magnetically stirred solution of triphe-
nylphosphine (PPh3, 393 mg; 1.5 mmol) in anhydrous tetrahydrofuran
(2.3 mL) at 0 °C, diisopropyl azodicarboxylate - DIAD (0.303 mL; 1.5
mmol) is added, under Nj. After 15 min a solution of seleno r-sugar 3
(238 mg; 1.0 mmol) and di-acetylated resveratrol (465 mg; 1.5 mmol) in
anhydrous tetrahydrofuran - THF (3.0 mL) is added dropwise. The re-
action mixture is stirred at room temperature for 3 days. The solvent is
evaporated under reduced pressure and replaced with ethyl acetate. The
organic layer is washed with a saturated NaCl aqueous solution, dried
over anhydrous NaySO4 and filtered. The evaporation of the solvent
under reduced pressure gives a crude residue that is purified by silica gel
column chromatography (n-hexane/diethyl ether) to afford the pure p-
sugar derivative 4 (26 % yield). 'H NMR spectrum is reported in S1.

H NMR (400 MHz): 6 1.36 (s, 3H, CH3), 1.57 (s, 3H, CH3), 2.32 (s,
3H, CHa), 2.33 (s, 3H, CHj3), 3.09 (dd, J1p-1a = 12.0 Hz, J1p2 = 1.9 Hz,
1H, H1b), 3.35 (dd, J1a.15 = 12.0 Hz, J15.2 = 5.0 Hz, 1H, H1a), 3.86 (ddt,
J4_5b = 8.0 HZ, J4_5b =5.2 HZ, J4_3 =1.8 HZ, lH, H4), 4.06 (dd, JSb-Sa =
9.7 Hz, Jsp.4 = 8.0 Hz, 1H, H5b), 4.24 (dd, Jsa-5b = 9.7 Hz, J54.4 = 5.2 Hz,
lH, H5a), 4.91 (dd, Jg,z =5.6 Hz, J3,4 =1.8 Hz, 1H, H3), 5.06 (ddd, Jz,g
=5.6Hz, Jo.1, = 5.0 Hz, Jo.1p = 1.9 Hz, 1H, H2), 6.58 (t, J = 1.6 Hz, 1H),
6.88 (t,J = 1.9 Hz, 1H), 6.91 (t, J = 1.9 Hz, 1H), 7.00 (d, J,~.g= 10.9 Hz,
1H, H7'), 7.1 (d, Jg.»= 10.9 Hz, 1H, H8), 7.12 (d, Jorto = 8.6 Hz, 2H),
7.51 (d, Jorto = 8.6 Hz, 2H).

13¢ NMR (100 MHz): § 169.4, 159.3, 151.8, 150.3, 139.6, 134.6,
129.1,127.8,127.6,121.9,112.5,110.6, 110.3, 107.5, 87.6, 85.2, 70.6,
46.9, 30.3, 26.7, 24.7, 21.1.

3-(((3aR,4S,6aS)-2,2-dimethyltetrahydroselenopheno [3,4-d]
[1,3] dioxol-4-yl)methoxy)-5-((E)-4-hydroxystyryl)phenyl acetate
(below called 5): to a magnetically stirred solution of 4 (0.350 g; 0.600
mmol) in THF/methanol 1:1 (1.9 mL), ammonium acetate (0.342 g;
4.44 mmol) is added. The reaction mixture is stirred at room tempera-
ture for 2 days. The solvent is evaporated under reduced pressure and
replaced with ethyl acetate. The organic layer is washed with a saturated
NaCl aqueous solution, dried over anhydrous Na;SO4 and filtered. The
evaporation of the solvent under reduced pressure gives a crude residue
that is purified by silica gel column chromatography (n-hexane/ethyl
acetate) to afford the pure compound 5 in 53 % yield (0.237 g). 'H NMR
spectrum is shown in S2.

1H NMR (500 MHz): 5 1.37 (s, 3H, CH3), 1.58 (s, 3H, CH3), 3.09 (dd,
J1b1a = 11.9 Hz, J1p.2 = 1.5 Hz, 1H, H1b), 3.36 (dd, J1a.1p = 11.9 Hz, J1,.
5= 5.0 Hz, 1H, H1a), 3.86 (ddt, J4.sp = 8.1 Hz, J4.5p = 5.2 Hz, J4.3 = 1.9
Hz, 1H, H4), 4.05 (dd, Jsp.5a = 9.3 Hz, Jsp.4 = 8.0 Hz, 1H, H5b), 4.24
(dd, Jsa.sp = 9.3 Hz, Jsas = 5.2 Hz, 1H, H5a), 4.92 (dd, J3.5 = 5.5 Hz, Js.
4= 1.3 Hz, 1H, H3), 5.07 (m, 1H, H2), 6.32 (bs, 1H), 6.60 (bs, 1H), 6.61
(bs, 1H), 6.89-6.82 (m, 3H, H7’, Hyyt0), 7.00 (d, Jg.77= 16.2 Hz, 1H, H8'),
7.40 (d, Jorto = 8.5 Hz, 2H).

13C NMR (125 MHz): § 159.8, 154.0, 141.6, 132.1, 129.9, 128.1,
128.0, 126.0, 115.7, 109.8, 106.3, 105.2, 101.3, 87.7, 85.2, 70.5, 47.1,
30.9, 26.7, 24.7.

(2S,3R,4S)-2-((3-hydroxy-5-((E)-4-hydroxystyryl)phenoxy)
methyl)tetrahydro-selenophene-3,4-diol (below called 6): to the
glycoconjugate 5 (2.15 g; 1.0 mmol) a solution (3.3 mL) of acetic acid/
H50 (8:2) is added. The mixture is stirred at 80 °C for 2 h. Then, the
solvent is evaporated under reduced pressure and next the organic layer
is washed with diethyl ether. The crude residue is purified by prepara-
tive thin chromatography (n-hexane/ethyl acetate), affording as amor-
phous solid the pure deprotected product 7 (195.5 mg) with 48 % yield.
'H NMR spectrum is available in supporting information (S3).
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1H NMR (500 MHz, acetoneD6): 5 2.86 (dd, Jip.1a = 10.0 Hz, J1p
= 5.2 Hz, 1H, H1b), 3.07 (dd, J1a.1p = 10.0 Hz, J1,.2 = 5.0 Hz, 1H, H1a),
3.84 (m, 1H, H4), 4.10 (dd, Jsb.5a = 9.6 Hz, Jsp.4 = 8.3 Hz, 1H, H5b),
4.15 (m, 1H, H3), 4.50-4.40 (m, 2H, H5b, H2), 6.35 (bs, 1H), 6.35 (t,
Jmeta = 2.1 Hz, 1H), 6.66 (bs, 1H), 6.69 (bs, 1H), 6.86 (d, Joro = 8.5 Hz,
2H), 6.96 (d, J;.¢= 16.3 Hz, 1H, H7), 7.13 (d, Jg.7= 16.3 Hz, 1H, HS'),
7.46 (d, Jorto = 8.5 Hz, 2H).

13¢ NMR (125 MHz, acetoneD6): 5 160.21, 158.78, 157.4, 140.1,
129.0,128.7,127.9,125.7,115.5, 106.3,103.7, 101.1, 78.4, 76.0, 71.5,
42.4, 24.1.

2.3. DPPH test

The radical scavenging activity of compounds towards the radical
2,2-diphenyl-1-picrylhydrazyl (DPPH) is measured as described [48].
Stock solutions of each compound and standard are prepared in ethanol
at a concentration of 4 mM (10 mL). Dissolutions (400 — 3.1 uM) are
prepared with serial dilutions from stock solutions. After, Tris-HC1 0.1 M
(800 pL), each dissolution (200 pL), and DPPH (1 mL) in ethanol (0.2
mM), resulting in a final concentration of 0.1 mM DPPH, are added in
glass tubes. Furthermore, a solution with 200 pL of ethanol instead of a
sample is prepared. A solution of 800 pL of Tris-HCl buffer and 1.2 mL of
ethanol is used as the blank. The mixtures are kept for 30 min at room
temperature in the dark, then the absorbance is measured at 517 nm.
Ascorbic acid is used as a standard antioxidant. Analysis is done in
triplet.

2.4. FRAP assay

The FRAP (ferric reducing/antioxidant power) solution is prepared
in acetate buffer (pH 3.6). Stock solutions of each compound and stan-
dard are prepared in water at a concentration of 4 mM (10 mL). Disso-
lutions (400 — 3.1 uM) are prepared with serial dilutions from stock
solutions. After, distilled water (1 mL), each dissolution (100 uL), and
FRAP solution (1 mL) are added in glass tubes at 37 °C. A solution of 1.1
mL of distilled water and 1 mL of buffer acetate is used as the blank. The
mixtures are kept for 7 min at 37 °C and then the absorbance is measured
at 593 nm. Ascorbic acid is used as standard. Analysis is done in triplet.

2.5. Patch fabrication

Freestanding PEGDA and PEGDA-HEMA films are prepared mixing a
prepolymeric mixture and crosslinking by free radical UV photo-
polymerization. The HEMA monomer is mixed with PEGDA (Mw 575
Da) at a molar ratio of 4.2:1 (1:1 v/v%). The mixture (50 mL) is
magnetically stirred at room temperature for about 10 min, then the
photoinitiator (PI) Darocur 1173 (1 % v/v) is added and the mixture is
stirred for further 5 min. Then, 60 L of the resulting solution is placed
on a coverslip (15 mm x 15 mm) and covered upside with another glass.
The system is exposed for 2 min to UVA light (UVA exposure box, UV-
Belichtungsgerat 2), resulting in a crosslinked polymer membrane of
about 250 pym thick. The obtained patch is immersed in a solution of
Milli-Q (MQ) water (30 mL) for 2 days, at 100 °C to allow the removal of
non-crosslinked prepolymer residues and the excess of PI. The mem-
branes are dried overnight at 70 °C.

2.6. Thermal characterization

Thermal gravimetric analysis (TGA) is carried out in dry nitrogen
(flow rate of 10 mL/min), using a TA Instrument Q5000. The mass-loss is
determined in the scanning mode from 35 to 800 °C with the heating
rate of 10 °C/min. Thermal characterization of dry polymer films is
performed using TA Instrument Trios differential scanning calorimeter
(DSC). Polymer samples, weighing approximately 5 mg, are sealed in TA
zero aluminium hermetic pans. Three consecutive temperature-
controlled ramps are carried out in Ny purge (rate of 50 mL/min) to
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determine thermal transitions: the films are cooled to —60 °C from
ambient and equilibrate. The samples are first heated to 180 °C, then
cooled to —60 °C and finally again heated to 180 °C: the scanning speed
is 10 °C/min in both heating and cooling ramps. TA TRIOS software is
used to analyse the DSC traces.

2.7. Fourier transform infrared (FT-IR) spectroscopy

Attenuated total reflection Fourier transform infrared (ATR-IR)
spectra are recorded with a Perkin Elmer Frontier FTIR spectrometer
with a single reflection universal ATR-IR accessory. A diamond crystal
with the angle of incidence for the IR beam of 45° is used. The resolution
of the IR spectrum is 4 cm™}; the average is obtained for each sample

collecting 32 scans in the wavelength range from 4000 to 650 cm ™ _.

2.8. Nanoindentation test

Nanoindentation tests are performed using a NanoTest platform
(produced by Micro Materials Itd), that monitors the dynamic load and
displacement of a three-sided pyramidal diamond indenter Berkovich
tip with a radius of about 100 nm. Nanoindentation tests are carried out
in load controlled mode in the 0.03-1.00 mN range. For each of 10
measurements, the loading and unloading curves are recorded with a
speed of 1.00 mN/s. Depths are in the 5.00 — 15.00 pm range: maximum
depth is limited to < 25 pm (10 % of sample thickness) to avoid substrate
interference to the measure. The resulting reduced modulus (E;) is
proportional to the slope of the unloading curve where the material
recovered its initial condition, and can be related to E via Poisson’s ratio
(Eq (1)).

E = as/2pvA = [(1 =) JE + (1 -?)/E] " 6))

where A is the contact area,  the geometric constant (1.034 for a Ber-
kovich indenter) and S the unloading stiffness at maximum load. E and v
are the elastic modulus and the Poisson’s ratio; the subscripts “i” and “s”
refer to the diamond indenter and the specimen, respectively. For
PEGDA/HEMA copolymer Poisson’s ratio is supposed to be 0.35.

2.9. Tensile properties

The elastic modulus and deformation at break of polymer patches are
evaluated by means of quasi-static mechanical tests, according to ASTM
D-882 standard, performed with a TA-DMA Q800 equipped with tension
film clamps. Since the materials are isotropic, seven samples are tested
in one direction for each type: the nominal sample sizes are 24.0 x 6.0 x
0.25 mm?>,

The ASTM D-882 standard refers to the tensile testing of thin films
(<1 mm), with a width greater than 5 mm and a width-to-thickness ratio
greater than 8. The standard recommends testing at least five samples
for each material configuration. The Young modulus is evaluated at
room temperature in displacement-ramp mode, according to the
stress—strain slope up to 2 % strain.

2.10. Atomic force microscopy

A XE-100 Atomic Force Microscopy (AFM) (by Park Systems) is used
for the topography reconstruction of loaded and unloaded polymers.
Surface imaging is obtained in contact mode at 1 nN using tip C of sil-
icon/aluminium coated NSC36 10 M cantilevers (by Park Systems) 130
pm long with a typical resonance frequency of 65 kHz and nominal force
constant of 0.7 N/m. The scan frequency is typically 0.5 Hz per line and
the images have 1024x1024 pixels. When necessary, the AFM images
have been processed by flattening, in order to remove the background
slope, and the contrast and brightness have been adjusted.
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2.11. Scanning electron microscopy

Polymeric samples are coated with 15 nm of gold by DC sputtering
and imaged by a Field Emission Scanning Electron Microscope (by Carl
Zeiss NTS GmbH 1500 Raith FESEM). Images are acquired at 10 kV
accelerating voltage with 10 um wide aperture by InLens detector.

2.12. Swelling ratio (SR)

The swelling properties of the hydrogels are determined by
measuring absorption of liquids gravimetrically. The swelling tests are
performed at various pH (4.5, 7.4, 8.6 and 9.6), using different buffer
solutions. For the swelling tests, the hydrogel specimens are previously
dried at 70 °C overnight and weighted, then soaked in buffers with
proper pH at 37 °C. At predetermined time intervals, the samples are
taken from solution and, after removing the excess surface water with a
water-sucking filter paper, their weight is recorded. After each mea-
surement, the hydrogels are immersed again in the buffer solutions until
the next weighing. The swelling ratio of the hydrogels is calculated ac-
cording to Eq (2):

where W, is the weight of the hydrogel at time t and W is the weight of
the dry hydrogel. All swelling ratio values are the average obtained from
triplicate samples.

2.13. Antifouling assay

The antifouling properties of investigated materials are evaluated
using Bovine serum albumin (BSA). The protein adsorption study is
performed using a Bicinchoninic acid (BCA) protein assay. Before
testing, a standard calibration curve of BSA is determined (S9). Both
samples - PEGDA and PEGDA/HEMA films (15 mm x 15 mm) - are
equilibrated in PBS (pH 7.4) for 12 h and then immersed in a BSA so-
lution (2 mg mL~! in PBS) at 37 °C for 24 h. Next, the patches are
washed twice with PBS and twice with MQ water. After washing, each
film is placed in a well with 1 mL of 2.0 wt% sodium dodecyl sulfonate
(SDS) aqueous solution, shaken for 2 h and sonicated for 1 h at room
temperature to allow the removal of the absorbed protein on the films.
Then, 50 pL of the same SDS solution from each well are added to 1 mL of
working reagent solution (according to kit instructions) and the protein
concentration is measured by absorbance at 562 nm.

2.14. Drug loading

The patch is immersed in 6 mL of MQ water solution, containing
2.24 mg of compound and the system is kept at 37 °C. The amount of
included compound is evaluated by HPLC analysis (Shimadzu SPD-20A)
as the difference with respect to the product left in solution. As the
glycoconjugate is entered, the patch is dried in oven, at 40 °C overnight.
Analysis is done in triplet. Data analysis is executed by excel.

2.15. Compounds’ release

Organoselenium compound’s release dynamics is performed placing
the polymeric membrane in aqueous buffer solutions (10 mL) at
different pH (4.5, 7.4, and 9.6). Then, periodically, withdrawals are
executed from the release solution and analysed by HPLC (Shimadzu
SPD-20A). Release data are reported as the mass percentage of loaded
compounds. Analysis is done in triplet. Data analysis is executed by
excel.

The controlled release in polymeric systems is described by the Eq
(3): [49].

M,

M. ktn 3
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where Mt/M,, is the cumulative fractional solute release, t is the release
time, k is a constant, and n is the diffusional exponent characteristic of
the release mechanism. This general equation can be used to define the
release of a solute from a thin polymeric film, regardless of the release
mechanism: if n = 0.5 solute transport is due to Fickian diffusion; ifn =1
it is driven by Case II transport; if n < 0.5 or 0.5 < n < 1 anomalous
transport occurs.

Kinetics study in one-dimensional solute release from a thin polymer
membrane is carried out solving the Fick’s second law of diffusion, with
initial and boundary conditions, properly early time (Eq (4)) and late
time (Eq (5)) equations: [50,51].

M, ANE

oo g ZE

i =) @
M, 8 —m*Dyt

M. I—Fexp< z 5)

where Dg and D; are the diffusion coefficients and [ is the diffusion
distance (half of the film thickness).

3. Results and discussion

In this work, a transdermal delivery system of antioxidant molecules
is proposed. The embedded molecules are selenium glycoconjugates -
resveratrol containing glycoconjugate - i.e., compound 6 and caffeic acid
containing glycoconjugate - i.e., compound 7. The compound 6 was for
the first time reported in this article (Scheme 1) by adapting an already
published synthesis [47]. The compound is constituted by a 5 termed
selenosugar bound to a resveratrol residue, and its structure was
confirmed by NMR analysis. Compound 7 was prepared as reported in
Serpico et al. [47] and it was constituted by the same selenosugar
covalently linked to a caffeic acid moiety. Both the compounds (Fig. 1)
showed a good antioxidant activity in different chemical tests (Fig. 2).

3.1. Synthesis

The synthesis of the new glycoconjugate 6 containing two different
antioxidant sites, namely a selenium atom and a trans-resveratrol res-
idue, was performed. Resveratrol is a phytoalexin present in grape skins
and red wine; it possesses different biological activities showing anti-
oxidant, anti-inflammatory and neuroprotective effects. The synthesis
was carried out starting from the commercially available p-ribose;
selenosugar 3 was obtained and used as glycosyl donor in the following
coupling reaction. Then, exploiting the Mitsunobu mechanism, the
corresponding glycoconjugate 4 (Scheme 1) was afforded. Next, two
following deprotections led to the final product 6, characterised by
mono- and bi-dimensional NMR analysis.

3.2. Antioxidant activity evaluation of synthesised compounds

After synthesis and purification, the new glycoconjugate 6 and the
homologue 7 - reported in Fig. 1 - were investigated for their antioxidant
properties, consistent with the mechanisms generally accepted for
antioxidant compounds.

In order to verify the scavenging and reducing abilities of the com-
pounds, two different chemical antioxidant tests were performed: DPPH
and FRAP assays, respectively. In DPPH, the stable free radical showed a
characteristic absorption at wavelength 517 nm (Fig. 2a). Noticeably,
the typical violet colour of DPPH solution changed when the free radi-
cals were scavenged by antioxidants, becoming yellow. The change of
colour, according to the principle of Blois [52], depended on the con-
centration of radical that was being scavenged, and it could be easily
measured and monitored by UV-vis spectroscopy, since the reduction in
radical concentration led to a decrease in absorbance. The synthetic
glycoconjugates and related precursors were tested at various
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Fig. 1. Resveratrol containing 6 and caffeic acid containing 7 glycoconjugates.

concentrations, within 400 and 3.1 uM.

The FRAP test detected the antioxidant activity of a compound by
measuring the increase of the reduced form of the oxidant and the
electron flow from reductant to oxidant, in a low pH buffer. In detail, a
Fe3t containing complex, [Fe3+-(2,4,6-Tris(2-pirydyl)-s-triazine)2]3*,
was reduced [53] forming [Fe?'-(2,4,6-Tris(2-pirydyl)-s-triazine),]%+
and causing the shift of the solution’s colour from pale orange to blue
(Fig. 2b) [54]. The intensity of the blue colour depended on the amount
of Fe3" that was reduced to Fe?' (electron transfer) and it was measured
as an increase in the characteristic absorption at 593 nm [55].

For both tests, results were expressed as Efficient Concentration
(ECsp) values (Fig. 2c). In DPPH, ECsy was the concentration of the
antioxidant needed to scavenge 50 % of the radicals present in the so-
lution. ECs of FRAP was the concentration of sample or standard that
exhibits 50 % of FRAP capacity. The ECso was inversely correlated to the
antioxidant capacity of the compound. The lower the ECsg, the higher
the antioxidant activity of the product [56]. DPPH and FRAP ECs, values
were compared with the ECs( of ascorbic acid (AA), used as reference.

The data showed that both synthetic compounds were good antiox-
idants for the investigated mechanisms. In detail, the resveratrol con-
taining compound 6 was more active in FRAP, while the caffeic acid
glycoconjugate 7 was more effective in the scavenging of radicals. These
results were due to the different distribution of -OH active groups on the
aromatic structures: compound 6, indeed, owns two phenolic groups,
while compound 7 has a catechol function. The latter oxidised by rapidly
transforming into ortho-quinone via the proton donation mechanism,
resulting more active in DPPH than in FRAP assay. However, compound
7 kept a good activity also in FRAP, in comparison to AA.

3.3. Patch fabrication and characterisation

A thin hydrogel-based membrane was fabricated through

photopolymerization of reactive monomers. Reticulation was initiated
by a free-radical generating compound, i.e. PI, and it was carried out by
UV radiation (Fig. 3). In a few minutes, the liquid prepolymeric mixture
became solid.

The properties of the thin membrane depended on many factors: the
concentration of monomers, the type of blend, the UV radiation time,
the amount of PI. With the aim to get the best combination of me-
chanical and physical properties to allow a suitable delivery of syn-
thesised molecules, polymeric films with different compositions were
prepared. In detail, the effect of a partial replacement of PEGDA 575
with HEMA was evaluated: patches consisting of only PEGDA and a
blend of PEGDA 575 and HEMA in 1 to 1 v/v% were tested.

The thermal stability was analysed monitoring the degradation by
thermogravimetric analysis in dry nitrogen. The TGA curves in S4
showed remarkable thermal stability: the onset of the thermal decom-
position of both polymers was observed at temperatures over 150 °C.

The DSC analysis was performed to evaluate the curing degree of
prepolymeric mixtures. Thermal analysis of both PEGDA and PEGDA/
HEMA 3D hydrogels showed a complete polymerization, without re-
sidual crosslinking enthalpy, with glass transition temperatures (Tg) at
—19 °C and 17 °C, respectively (Fig. 4a).

The FTIR spectra of both unreacted and crosslinked monomers (S5)
confirmed the complete polymerization. The peak at 1640 cm ™! - typical
of C=C stretching vibrations - and the peaks at 810 cm ™! and at 1298

m~!, proper of the vinyl group = CH bending and deformation,
respectively, disappear in the spectra of cured polymers, proving the
polymeric chains interconnection.

Furthermore, ATR spectra (Fig. 4b) showed the main chemical dif-
ferences between the 3D polymers. The characteristic broad band at
3400 cm ™! corresponded to the O—H stretching vibration of the hy-
droxyl group; the bands in the range 2945-2875 cm ™! were owing to the
symmetric and asymmetric stretching vibrations of CHy and CHj in
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Fig. 3. Fabrication process of polymeric patch (PEGDA 575/HEMA) via photolithography (Figure created with Biorender).

HEMA portion.

The mechanical properties of PEGDA and PEGDA/HEMA patches
were evaluated with two different approaches: tensile strength tests
performed by a DMA machine and nanoindentation tests. The repre-
sentative stress-strain curves (Fig. 4c) clearly showed higher strain
(Fig. 4d) at fracture (ep,) and lower elastic modulus (E) value (Fig. 4e) for
PEGDA/HEMA specimens compared to PEGDA samples. PEGDA/HEMA
exhibited 11.2 + 1.9 % and 9.8 + 2.3 MPa, ¢, and E, respectively; while
PEGDA had 4.9 4+ 0.8 % and 26.6 4+ 3.8 MPa, strain at fracture and
modulus values. The increase in mechanical tensile properties was
attributable to a less densely crosslinked polymer network in PEGDA/
HEMA which results in a less rigid structure, compared to PEGDA.

This behaviour was confirmed by the nanoindentation test: Fig. 4f,
indeed, showed the reduced modulus (E;) and hardness (H) for both

patches. Reduced modulus for PEGDA/HEMA (13.8 + 4.4 MPa) was
much less than the one of PEGDA (49.2 + 3.2 MPa). It has to be taken
into account that E calculated from E,, measured by depth sensing
indentation, is always 5-20 % higher than the one obtained from tensile
test [57]. The hardness, measured as ratio of the maximum load exerted
and the effective contact area, was about ten times lower for PEGDA/
HEMA (1.0 + 0.3 MPa) than for PEGDA (9.1 + 1.2 MPa). Finally, the
morphological analysis was carried out performing SEM and AFM
characterisation (S6). The morphology and the roughness (PEGDA 1.6
nm, PEGDA/HEMA 1.0 nm) of the surfaces were comparable, not
showing significant differences between the samples.

Both macroscopic and microscopic results supported the conclusion
that partial replacement of PEGDA with HEMA increased the flexibility
of the patch, without detrimental effects on the material thermal
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stability.
3.4. Swelling ratio and antifouling properties

Swelling is one of the main characteristics of hydrogels. It can affect
mechanical properties, as well as loading and releasing kinetics of
embedded compounds. The effect of HEMA amount on the water uptake
capacity of the membranes was evaluated measuring the SR of both
PEGDA and PEGDA/HEMA patches. The related results are shown in
Fig. 5a as a function of time. Both the polymeric patches reached the
swelling equilibrium after 15 min, maintaining a constant weight up to
72 h. It is noteworthy that the blended patch showed a higher swelling
capacity, reaching a SR of 38.4 % =+ 0.7 in 15 min, instead of the 28.4 %
+ 0.6 registered by the PEGDA membrane. As expected, the swelling
capacity increased as the crosslinking density decreased, and the affinity
with water rose, partially replacing PEGDA with HEMA monomers. The
presence of a significant amount of the most hydrophilic component
HEMA (molar fraction PEGDA/HEMA ~ 0.24) improved the swelling
ability of the system by about 30 % [58].

With the aim to investigate how the pH affects the swelling proper-
ties, SR of both polymeric materials at different pH (4.5, 7.4, 8.6 and
9.6) was evaluated. As shown in S7, hydrogel swelling behaviour over
time was not uniquely related to pH value. SR, indeed, increased
significantly in the first minutes, reached an extreme in 15 min and
remained constant for several hours; this dynamic was verified for all the
investigated conditions. With the naked eye, both materials retained

their shape and self-sustainability, while dimensions expanded iso-
tropically with increasing SR (S8). These characteristics make both
patches useful in a large pH range, thus in different stages of a wound. If,
indeed, in initial/acute phases the pH is around at the physiological
value, in chronic wounds the pH increases being included between 7.5
and 10.

In detail, Fig. 5b showed the hydrogel swelling degree ratios at
equilibrium (SR,,) of both patches (PEGDA and PEGDA/HEMA) as a
function of pH. Even though the variation was really narrow, it could be
observed that PEGDA exhibited the highest SR, at acid pH (4.5) and it
slightly decreased at higher pH values. The blended patch, on the other
hand, showed the opposite profile: the highest SR, indeed, were
measured at pH values included between 7 and 10 which correspond to
the wound pHs. Coherently, PEGDA/HEMA blend exhibited a mild
reduction of the water uptake value at pH 4.5 (aqueous solution of
NaOAc/AcOH), probably due to the presence of the acetic counterion
that decreased the solvent power of water. Thus, hydrophilic solvent-
polymer interactions, especially due to HEMA monomers, became
weaker while hydrophobic ones between polymer chains were favoured.
Probably, at basic pH values, the negative charges of the deprotonated
hydroxyl groups of HEMA (-O") caused a repulsive force that, in turn,
increased the mesh of the network and, consequently, the swelling
grade.

To be noted, the PEGDA/HEMA patch reached the highest SR, at all
the investigated pHs and the largest difference in SR, between PEGDA
and PEGDA/HEMA was recorded in pH range of interest for the wound
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dressing application, confirming the choice of polymeric blend as
fabrication material. Since the system here proposed is potentially
intended for wound care, antifouling properties have to be evaluated.
Protein adsorption on the material, indeed, could promote microbial
coating affecting the healing process. In this work, BSA was chosen as a
representative protein, to investigate the protein-resistant ability of both
PEGDA and PEGDA/HEMA membranes. The patches were soaked in
BSA solution (2 mg mL’l) for 24 h at 37 °C and then, adsorbed protein
was quantitatively determined using the BCA assay (Fig. 5¢c and d). The
results showed a low adsorption of BSA on both investigated materials.
The recorded values, 10.0 + 0.1 ug cm 2 and 3.1 + 0.7 pg cm ™2 for
PEGDA and PEGDA/HEMA respectively, demonstrated that the HEMA
content improved the non-fouling properties of material. Taking into
account the reported advantages of the PEGDA/HEMA patch, only this
one has been used for the loading of antioxidant molecules.

3.5. Drug loading and release dynamics

Materials’ characterization and analysis of mechanical properties of
both fabricated patches showed that the PEGDA/HEMA one has the best
properties for the desired purpose, so that it was investigated for the
loading and release properties quantification. In detail, the membrane
was firstly loaded with each of two compounds 6 and 7 (Fig. 6a) and
then a complete characterisation of the final systems was carried out by
thermal, mechanical (S10) and morphological analysis (S11).

To investigate the loading capacity of chosen material, the patch was
immersed in an ultrapure water solution of each glycoconjugate. The
amount of loaded compound was verified with periodic withdrawals
from the aqueous loading solution and then analysed by HPLC. Specif-
ically, the maximum loading was reached after 3 days for compound 6
(96 + 2 %), and after 5 days for compound 7 (63 + 4 %).

Mechanical and thermal characterizations were performed on the
final systems in order to exclude any eventual effect of the molecules on
the polymer properties. As expected, no appreciable difference was
recorded in thermal stability, T, value, as well as elongation at break and

Young modulus (510).

SEM images showed that both samples have similar characteristics;
moreover, AFM analysis revealed a comparable roughness that was 1.3
nm for patch loaded with compound 6 and 2.8 nm for the one containing
compound 7. These slight differences in the loaded patches suggested
that both compounds did not strongly interact with the polymer matrix.
Moreover, the mild differences also in the roughness between loaded
and unloaded material indicated that both the compounds did not
aggregate during the loading procedure. The performed characterisation
demonstrated that the compounds’ loading did not alter any of the main
properties of the polymeric membrane, making them interesting as drug
delivery systems.

In order to study the drug delivery capacity of the systems and the
role of the pH in dynamics release, the amount of compounds released
over time at diverse pH values was recorded. In detail, the loaded
patches were immersed in buffered solutions at pH 4.5, 7.4 and 9.6.
Interestingly, at pH 4.5 neither compound 6 nor 7 were released. For
compound 6, no release was detected even at pH 7.4, while a significant
amount was found at basic conditions. More precisely, at pH 9.6
(Fig. 6b) the dynamics followed a regular and sustained profile: more
than 20 % of loaded compound was delivered in the first 10 h, reaching
the 25 % in 24 h and ca. 30 % in 72 h.

On the other hand, a not gradual release of 7 was observed at pH 9.6:
in the first hour ca. 20 % of the loaded glycoconjugate was detected and
this value remained fixed until the 24 h. Conversely, compound 7
showed a sustained delivery at physiological pH, reaching ca. 70 % in
24 h (Fig. 6c).

The diverse dynamics were probably due to the hydrogen bonds and
van der Waals interactions that the two compounds, in different pH
conditions, could form with disposable groups of polymers, besides the
spatial configuration of the glycoconjugates. Probably the related in-
teractions were due to the own pKa value of cathecolic and phenolic
functions, exhibiting different protonation degrees at the investigated
pH values.

The above mentioned compounds’ characteristics may also affect the
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release order. Numeric analysis of the diffusion coefficients (D) at 40 °C,
according to early (Dg) and late (Dp) -time approximations for the
release, showed that diffusion coefficients decreased with increasing
polymer matrix/compound interaction (S12). In addition, the ultimate
cumulative release depended on the chemical structure of the solute,
resulting in a lower amount as well as in a slower release for the com-
pound 7 than the compound 6. The fit analysis based on experimental
data, recorded at the selected pH, showed an anomalous transport
mechanism for both selenium glycoconjugates: anomalous Case II
transport for compound 6 and anomalous Fickian for compound 7 (S12).

After the release, the structural integrity of both compounds was
confirmed by NMR study (Fig. 6d-e). As shown, a comparative analysis
of 'H NMR of each compound, as synthesised and after the release,
confirmed that the molecules were not altered. This evidence was also

supported by the HPLC analysis (§13 and S14): chromatograms did not
show any additional peak. These results clearly indicated that com-
pounds maintain their activity.

4. Conclusions

Here, a new polymeric system for the delivery of bioactive mole-
cules, potentially involved in skin repair, has been developed. Two se-
lenium glycoconjugates were synthesised and their antioxidant activity
was proved. A biocompatible copolymer, consisting of PEGDA and
HEMA in molar ratio 1:4.2, was selected as the matrix for the delivery
system. The material, as well as the delivery system were characterised,
showing suitable thermomechanical properties.

The combination compounds-polymer resulted in pH-sensitive
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controlled delivery systems. In particular, each compound is released at
a specific pH, paving the way for a selective pH responsive application.
The caffeic acid containing conjugate, indeed, is delivered at pH 7.4 -
typical of acute injuries - while the resveratrol compound is released at
pH 9.6 that corresponds to the pH value of chronic wounds. This pH
driven delivery is due to the specific and weak interactions between
functional groups of compounds and the ~OH functions of HEMA poly-
mer. The suitable characteristics of selected hydrogels and the antioxi-
dant capacity of the synthesised molecules, as well as the proven
controlled release, open the possibility to apply the ideated system in
wound care practices.
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