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Abstract: Thiol-Michael addition is a chemical reaction extensively
used for conjugating peptides to polysaccharides with applications
as biomaterials. In the present study, for designing a bioactive
element in electrospun scaffolds as wound dressing material, a
chemical strategy for the semi-synthesis of a hyaluronan-elastin
conjugate containing an amide linker (ELAHA) was developed in the

presence of tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI).

The bioconjugate was electrospun with poly-p,L-lactide (PDLLA),
obtaining scaffolds with appealing characteristics in terms of
morphology and cell viability of dermal fibroblast cells. For
comprehending the factors influencing the efficiency of the
bioconjugation reaction, thiolated amino acids were also investigated
as nucleophiles toward hyaluronan decorated with Michael
acceptors in the presence of TCEP-HCI through the evaluation of
byproducts formation.

Introduction

Peptide-polymer  conjugates are attractive materials in
biomedical applications,™ ranging from drug discovery and
delivery to tissue engineering. The bioconjugates show
enhanced properties in comparison to peptides alone, which
show sensitivity to organic solvents, temperature and pH.
Among naturally sourced polymers, polysaccharides, are
strongly appealing for conjugation with peptides due to their
biocompatibility and biodegradability characteristics.?
Considering  the  different  chemical  strategies  for
polysaccharides-peptide  conjugation 1l the Michael-type
addition has been widely used for the advantageous mild
reaction conditions, high reactivity and bio-orthogonality.”!

In this reaction, thiols react with electron-poor “ene” groups such
as acrylates, methacrylates and methacrylamidates under basic

conditions without requiring free radicals and affording
derivatives with stable thioether bonds. Typically, the thiol
groups are inserted into peptide chains through cysteine
residues at a specific position, whereas Michael acceptor “ene”
groups consist of a suitably decorated polysaccharide
backbone.?"!

Although acrylates are more reactive than methacrylates into
thiol-Michael addition, the hydrolysis resistance of their adducts
is reduced in comparison with the methacrylate ones,® which in
turn are more sensitive to the hydrolysis respect to the
methacrylamide counterparts.®!

In the field of wound healing, materials relying on the cleavage
of chemical bonds under the influence of pH for a precise drug
delivery to wounded sites are continuously under study.!
Moreover, for the treatment of wounds, the design of materials
inspired by the extracellular matrix (ECM) components, such as
elastin and hyaluronan (HA), is intriguing. As a matter of fact,
systems composed of HA and elastin have been developed for
tissue engineering, such as films and hydrogels,[” and their
application specifically in wound healing is still limited.®!

The fibrous elastin protein is responsible for the resilience and
elastic recoil of tissues lost after a skin injury. Analogously, the
glycosaminoglycan (GAG) plays several roles in the processes
after a skin injury, from the hemostasis to the remodelling. [
Regarding the fabrication methodology, the electrospinning
process allowed the production of nanofibrous biomaterials
possessing a beneficial porous structure with a high surface-to-
volume ratio. Air and water transport, characteristics of
electrospun fibers, allows a moist environment fundamental for
cell proliferation, lowering the chance of infection. On the other
hand, porous structure reproduces the tridimensionality of ECM,
facilitating cell adhesion, migration, and proliferation.*"!

In the last decades, the interest towards producing nonwoven
fabrics obtained from recombinant and synthetic sourced elastin
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for wound treatment has grown*Y since these materials have
exhibited good cell colonization. Electrospun elastin scaffolds
reported poor contraction after cell colonization, differently from
collagen ones, which reported, in some cases, a reduction larger
than 50% of the original size.l*?! As other ECM component, HA is
conveniently usable in creating electrospun nanofibers for
wound healing due to its influence on inflammation, cell
migration and proliferation, angiogenesis, and re-epithelialization
processes.'¥ However, HA aqueous solutions’ high viscosity
and surface tension impair the electrospinning of this
polysaccharide in its natural conditions and by itself. Many
strategies have been applied to overcome this drawback,
including using organic solvent mixtures, blending HA with other
polymers and its backbone modification.*4

The insertion of methacrylate, acrylate or thiol pending groups
on HA®%! for a Michael-type reaction has been reported, either
at the carboxylic function of b-glucuronic acid (GIcA) or at
primary hydroxyl of the N-acetyl-p-glucosamine (GICNAC) units
of the glycosaminoglycan. The subsequent coupling has been
usually carried out with a subsequent coupling with a cysteine 11
or with a Michael-acceptor-containing peptide,*” respectively.
Based on the skills acquired in amino acids,*® peptides,*®! and
protein®?® conjugation to carbohydrates, and starting from the
semi-synthesis of ELAHA, herein we present a study exploiting
the reactivity of methacrylamide and methacrylate linkers in the
presence of a water-soluble alkylphosphine such as TCEP-HCI.
This latter is typically employed both as a catalyst?! and as
reducing agent® in bioconjugation reactions, even though its
efficiency is controversial. Several examples of low
functionalization, for example, have been reported in the
presence of maleimide, suggesting a possible side reaction
between TCEP-HCI and thiol-Michael type donor.[?

Herein, we have explored the feasibility of Micheal-type thiol-ene
reaction for the production of a bioconjugate constituted of an
elastin-derived peptide grafted to hyaluronic acid. The final
product would benefit biocompatibility and bioactivity properties
as well. In this work, a methacrylamide moiety has been inserted
into the glycosaminoglycan carboxylic function on GIcA unit. The
obtained methacrylamide-decorated hyaluronan derivative
(MAAHA), based on the conditions reported in our recent
work*® has been covalently conjugated in the presence of
alkylphosphine to the peptide corresponding to the region 302-
322 of human tropoelastin (HTE) promoting cell attachment and
spreading.?4 The sequence of the peptide
(C)AAAAAAAAAAKAAKYGAAAGL (1) after the insertion of a
cysteine at the C-terminus to carry out Michael-type addition.
The nonquantitative bioconjugation between 1 and MAAHA has
encouraged us to investigate and compare the efficiency of the
Michael addition reaction of MAAHA and a methacrylate-
decorated hyaluronan (MAHA) with L-cysteine (Cys) and N-
acetyl-L-cysteine (NAcCys) amino acids.

The semi-synthetic derivatives were characterized by nuclear
magnetic resonance (NMR), attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy and then
electrospun with racemic PDLLA to obtain scaffolds, whose
morphology was investigated by scanning electron microscopy
(SEM).
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Finally, with the perspective of applications as wound dressing
materials, the electrospun scaffolds underwent a cytotoxic
analysis and were compared with the ones containing
bioconjugates obtained from MAHA polysaccharide.

Results and Discussion

Semi-synthesis of polysaccharide derivatives

The strategy for semi-synthesizing elastin-hyaluronan
glycoconjugate, exploiting thiol Michael-type addition, started
with the amidation at the carboxyl group of GIcA unit of HA by
the insertion of methacrylamide moiety. This was accomplished
in water in the presence of 2-aminoethylmethacrylamide
hydrochloride (2-AEMAA-HCI), N-(3-(dimethylamino)propyl)-N’-
ethylcarbodiimide reagent (EDC-HCI) and N-
hydroxysulfosuccinimide (s-NHS) at pH=6.8, (Scheme 1, a).
After overnight reaction at room temperature, dialyses and
subsequent freeze-drying furnished MAAHA derivative 2 in
guantitative mass yield and with a degree of substitution
(DShmethacryl) 0f 0.30, as calculated by *H-NMR (Figure 1).

The amide bond formation in MAAHA (2) was confirmed by *H-
NMR spectrum for the presence of signals at dpss = 1.91 ppm,
Opss = 5.69 ppm, and dpss = 5.45 ppm, respectively associated
to the —CHs, and =CH; groups, of methacrylamide linker. The
DSnethacryl Of derivative 2 was calculated by comparing the ‘H-
NMR vinyl (&pss = 5.69, or 5.44 ppm) integrals with that obtained
by the sum of HA and 2-AEMAA acetyl signals (dpss =2.01 and
1.91 ppm) (Figure S1) by Equation (1)

3lcr(2-aEman)

Dsmethacryl = (€]

Iich,(GlenAc)+CHy (2-aEMAA)) — 3lch (2-aEMaA)

where ICH(2-AEMAA) represents the proton integral of the 2-
AEMAA methine proton, while ICH3(GIcNAc) and [CHs(2-
AEMAA) represent the proton integrals of the methyl groups of
GIcNAc and 2-AEMAA, respectively.

Derivative 2 was coupled to the cysteine thiol at the N-terminal
residue of elastin-derived peptide 1 (Scheme 1, b) to obtain
ELAHA (3).

The 'H-NMR of this compound (Figure 1, blue) showed a
nonquantitative functionalization by the presence of 2-AEMAA
groups, such as the methyl at dpss = 1.91 ppm and the smaller
vinyl signals, which entail respectively a DSmethacryt = 0.06 and a
DSaadiion = 0.24. The latter has been calculated by the difference
of vinyl signals intensity after and before the coupling. The
bioconjugation was confirmed further by the peptide side chain
signals, such as the —CHs; groups of alanine and leucine
residues, respectively, at dpss = 1.54—1.30 ppm, dpss = 0.91,
and &pss = 0.86 ppm.

The reactivity of acceptors into the thiol-Michael addition is
related to the electronic feature of the substituent linked to the
C=C bond:® at any given pH the reaction proceeds rapidly with
acceptors bearing esters, slower with amides or methacrylates.
In  contrast, the slowest rates were calculated for
methacrylamides, due to the poor electronegativity of amides. 2!
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Therefore, to evaluate how the coupling conditions affected  were studied as donors in the presence of MAAHA (2) or MAHA
ELAHA semi-synthesis, two thiols such as Cys and NAcCys, (4) as acceptors (Figure 2).

OH
/ cooNg! o
RANSAS 0 am

HO AcHN }*“ AcHN

H
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0
X =COONa* or )J\N \H/K
H
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0]

HAC
or /\/ \H)\/ AAAAAAAAAAKAAKY GAAAGL—NH,

3
Scheme 1. Semi-synthesis of derivative 3.a) 2-AEMAA.HCI, EDC, s-NHS, Hz20, RT, pH = 6.8, overnight, yield = 79%, DSmethacry = 0.30; b) 1, TCEP-HCI, H20, RT,
pH = 8.9, 2d, yield = 41%, DSmethacryl = 0.06, DSagdition = 0.24.
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Figure 1. *H-NMR spectra of HA (black), derivative 2 (MAAHA, red), and derivative 3 (ELAHA, blue) (400 MHz, D20, 298 K)

MAHA has been synthesized under conditions recently
reported®®@ with a DSmethacryt = 0.19 (Figure S2).

All the reactions were carried out for two days at room
temperature in HO at pH = 89, where the
acceptor/donor/nucleophile ratios investigated were 1:1.3:1.9
and 1:1.5:2.25, as reported in Table 1. The conjugation of Cys
with MAAHA; afforded derivatives 5-i,ii (Scheme 2a,b) in 77%
and 41% mass yield.

Analogously with ELAHA, they showed a nonquantitative

functionalization by the presence of 2-AEMAA groups, which
entail 8 DSpethacryt = 0.13 and 0.06 and a DSaggiion = 0.17 and
0.24, for 5-i and 5-ii, respectively (Figure S3, red and blue
curves).

The reactivity of Cys with the acceptor MAHA afforded
derivatives 6-i,ii (Scheme 2c,d). In this case a disappearance of
vinyl signals was noted and a DSaqdgiion = 0.19 (Figure S4, red
and blue curves) was obtained for both the compounds, which
were collected in 68% and 50% mass yield.
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Figure 2. Michael donors, acceptors and nucleophile catalyst used in the study
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Scheme 2. Cys investigation as Michael donor: a) Cys (1.3 eq), TCEP-HCI (1.9 eq), H20, RT, pH = 8.9, 2d, yield: 77%, DSmethacryl = 0.13, DSaqdition = 0.17; b) Cys
(1.5 eq), TCEP-HCI (2.25 eq), H20, RT, pH = 8.9, 2d, yield: 41%, DSmethacryt = 0.06, DSaddiion = 0.24; ¢) Cys (1.3 eq), TCEP-HCI (1.9 eq), Hz0, RT, pH = 8.9, 2d,
yield: 68%, DSaddiion = 0.19; d) Cys (1.5 eq), TCEP-HCI (2.25 eq), H20, RT, pH = 8.9, 2d, yield: 50%, DSaddtion = 0.19.

The presence in peptide 1 of the L-cysteine, acetylated at the  Equation (2).

amino group in the final step of SPPS, suggested us to employ

N-acetyl-L-cysteine as a model amino acid playing the role of a DS methacryt = T 3lcH(2-aEman) — @
donor. The conjugation of NAcCys with MAAHA afforded [CHa (GleNACYT CHy(NACCYS)+ CHa (2= AEMAM)] T DICH (2-AEMAA)
derivatives 7-i,ii (Scheme 3a,b) respectively in 44% and 57%
mass yield and with & DSmetnacryt = 0.07 and a DSagditon = 0.23 as
calculated by *H-NMR (Figure S5, red and blue curves) applying

When NAcCys reacted with MAHA (Scheme 3c,d), derivatives
8,i-ii were respectively obtained in 91% and 86% mass yield

5

This article is protected by copyright. All rights reserved.

85U80| 7 SUOLILLOD BA 181D qeotjdde au Aq peuenob ae sao e O ‘SN Jo Sa|ni 0} ARiq 1T 8UIUO A3]1M LD (SO IPUO-PUB-SLUBHLLGY A8 | IM-Afelq1Bu1|uO//Sd1Y) SUORIPUOD PR SWe | BU388S *[7202/T0/62] U0 Ariqi auljuO A8jIM * caLelY I Wiedspel| |q1g Bzueiad 1 el seg AISRAIIN - 0lYyo1yoog epiBlg Aq 29900€202 NIdo/Z00T OT/10p/L0d Aa 1M Areiqijeuluoadoine-Alisiueyd//sdiy wouj papeojumoq ‘el ‘90592612



ChemPlusChem

with a quantitative functionalization and a Dsaddiion = 0.19 (Figure
S6, red and blue curves).

However, the absence of isolated protons ascribable to the
thiolated amino acids did not allow the evaluation of
functionalization; for this reason, correlation spectroscopy 2D-
NMR (COSY) analyses were conducted. The derivatives
obtained after Cys bioconjugation (Figures S7-S10) displayed a
correlation between the methylene protons density at dpss =
3.11 and that at 6pss = 3.93 in the typical region of the Hq proton
of the thiolated amino acid, suggesting its presence on the
polysaccharide backbone.

In the case of NAcCys bioconjugation (Figures S11-S13), a
correlation was detected between the methylene protons at dpss
= 2.88 and the Hq proton of the amino acid at &pss = 4.37 ppm.

OH

P X0 0
A
HO o] o

HO AcHN HO
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The exception is represented by the sample 8-i, where the
presence of NAcCys is not evident (data not shown). In both
cases, the upfield shift of Hy amino acids might suggest the
Michael addition occurrence.?”]

Moreover, the depletion of vinyl signals does not exclude the
presence of side products formed in the thiol-Michael reactions.
IH-NMR spectra of the amino acid-hyaluronan derivatives,
indeed, displayed signals in the region 2.70 -2.00 ppm, possibly
related to contaminants; therefore, 3*P-NMR experiments were
conducted to evaluate the presence of undesired products. The
same analysis was conducted on ELAHA, which displayed the
absence of any signal related to phosphorus adducts (Figure
S14).

(e} H O H (e} H NHACc
X = COO'Na* or )LN/\/NT(J\ X =COO'Na" or )LN/\/N or )LN/\/NWJ\/S\/WO Na*
H H H
2 (@] (6] (@] (0]
Q H cr
or )LN/\/NWP OH>
H o} o} 3
7-iii

AT m
H
o)
X =COONa' or )k %
o]

4

8-iii

Scheme 3. NAcCys investigation as Michael donor: a) NAcCys (1.3 eq), TCEP-HCI (1.9 eq), H20, RT, pH = 8.9, 2d, yield: 44%, DSmethacryi = 0.07, DSaddition = 0.23;
b) NAcCys (1.5 eq), TCEP-HCI (2.25 eq), H20, RT, pH = 8.9, 2d, yield: 57%, DSmethacryl = 0.07, DSaddition = 0.23; ¢) NAcCys (1.3 eq), TCEP-HCI (1.9 eq), H20, RT,
pH = 8.9, 2d, yield: 91%, DSadditon = 0.19; d) NAcCys (1.5 eq), TCEP-HCI (2.25 eq), H20, RT, pH = 8.9, 2d, yield: 86%, DSaddition = 0.19.

Regardless of the acceptor and the reaction conditions, the
conjugations with Cys showed two phosphorus signals at 8pss =
58.2 ppm and 08pss = 52.8 ppm, consistent with oxidized
(TCEP=0O) and the thiophosphine byproducts (TCEP=S),
respectively (Figure S15-S16).281 These confirmed the absence
of hyaluronan-phosphine adducts (5-i,ii and 6-i,ii, Scheme 2). A
different behavior has been noted with the NAcCys conjugation,
where the formation of phosphonium ester adducts has been

detected. In the case of the MAAHA acceptor, the adduct has
formed independently from the equivalents of the catalyst and
the 3'P-NMR spectra (Figure S17) showed a signal at dpss =
34.5 in agreement with literature data.?® When the same
reaction was conducted on MAHA, the formation of
phosphonium ester was dependent on the equivalent of the
catalyst (Figure S18). The 'P-NMR spectra showed signals in
the range of dpss = 34.7 — 33.6 ppm: these signals could be

associated with a different protonation level of the phosphorus
adduct (7-i,ii and 8-i,ii, Scheme 3).5%

Cys is more acidic than NAcCys; hence, the thiol group is mainly
present as more nucleophilic thiolate at the given pH. However,
a selectivity for the Cys is evident in the addition on the
methacrylate and on the methacrylamide acceptors.

Besides the thiol/thiolate ratio,?®! a combination of vinyl, catalyst
and reaction conditionsP®Y influences the reaction mechanism.
Because of the higher electron-withdrawing capability, the
methacrylate is more reactive than the methacrylamide, which
could be generally affected by the formation of byproducts for
the competition of nucleophile initiator with the thiolate.

It is worth noting that the pH plays a pivotal role in the reaction
efficiency. In the cysteine-containing derivatives, the
phosphonium ester side products are absent due to the faster
addition kinetic to the vinyl groups of the thiolate than the
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phosphine; the only difference in the conjugation could be
attributed to the electron-withdrawing feature of the acceptors.

Notably, despite the different acceptors’ electrophilicity, when
NAcCys has been used as a model, the byproducts formation is
influenced by the higher thiol/thiolate ratio by the excess of
phosphine catalyst. These findings confirm the controversial role
of TCEP-HCI in the catalysis of thiol-Michael addition on

10.1002/cplu.202300662
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polysaccharides.®? Generally, organophosphines can be
considered efficient catalysts in the thiol-Michael addition, even
if their high reactivity tends to induce side reactions. In recent
years, several theoretical and experimental approaches have
been adopted to deepen the factors involved in the nucleophilic
pathway and in the generation of byproducts.270:3

Table 1 Coupling conditions, yield and structural data of derivatives 5-8 in the thiol-Michael addition study.

Sample Acceptor Donor Acceptor/Donor/Nucleophile Ratio Donor/Nucleophile Ratio Yield DSmethacry! D Saddition

3 MAAHA EL 1:1.3:1.9 1:1.5 41% 0.06 0.24
5-i MAAHA Cys 1:1.3:1.9 1:1.5 7% 0.13 0.17
5-ii MAAHA Cys 1:1.5:2.25 1:1.5 41% 0.06 0.24
6-i MAHA Cys 1:1.3:1.9 1:1.5 68% - 0.19
6-ii MAHA Cys 1:1.5:2.25 1:1.5 50% - 0.19
7-i MAAHA NAcCys 1:1.3:1.9 1:1.5 44% 0.07 0.23
7-ii MAAHA NAcCys 1:1.5:2.25 1:1.5 57% 0.07 0.23
8-i MAHA NAcCys 1:1.3:1.9 1:1.5 91% - 0.19
8-ii MAHA NAcCys 1:1.5:2.25 1:1.5 86% - 0.19

ATR-FTIR Analysis

The characterization of HA, MAAHA and ELAHA was further
carried out by ATR-FTIR (Figure S19), allowing the assignment
of specific functional groups on the polysaccharide backbones.
HA spectrum (black curve) shows in the 3500-3000 cm region
a broad band attributed to the stretching of carbohydrate O-H,
as well as, C=0 (amide |, filled green circle) and C-N (amide I,
filed orange circle) bands of acetamido groups stretching
vibrations are observed at ~ 1605 and ~ 1550 cm?, respectively.
Derivative 2 spectrum (MAAHA, red curve); proved the
occurrence of methacrylamidation by the slight shift peak of the
amide | band (filled green circle) to ~ 1610 cm™ caused by the
inductive effect of the methyl group of the linker.

Several findings confirmed the peptide presence in derivative 3
(ELAHA, blue curve). First of all, the sharpening of the band at ~
3269 cm due to N-H stretching (filled blue circle) of the peptide
amide is evident. It appears in the same region where the O-H
stretching of pristine HA (black curve) and the derivative 2
(MAAHA, red curve) were present as a broad band at ~ 3281
cm?,

Moreover, the amide | band (filled green circle) is shifted to ~
1622 cm™. This one, together with the amide Il band at ~ 1516
cm? (filled orange circle) are assigned to the peptide 1.

Further proof derives from the band at ~ 1450 cm™ (filled gray
circle) in the purple curve associated with the asymmetric C-Hs
bending vibration of alanine residues, which are present in
peptide 1 spectrum (purple curve) and absent in HA and
derivative 2 curves.

Morphological Analysis

HA, derivatives 2 and 3 were blended with PDLLA and
electrospun, with the process parameters listed in Table 2,
fulfilling the aim to produce electrospun scaffolds made of
biodegradable and bioactive polymers. 1,1,1,3,3,3-hexafluoro-2-
propanol (HFP) was chosen because of its ability to solubilize
both elastin peptides and PDLLA as pure solvent® and in
aqueous solutions.['% The electrospinning parameters were
tuned to ensure process stability, providing macroscopically
uniform structures. Herein, to dissolve HA, derivatives 2 and 3,
HFP was mixed with H,O: HP (HA/PDLLA), MAHP
(MAAHA/PDLLA) and EAHP (ELAHA/PDLLA) blends were
prepared by dissolving in 80% (V/V) HFP aqueous solution
either HA, MAAHA or ELAHA and PDLLA to a final
concentration of 0.24% and 12.0% (w/V), respectively. In the
same way, the P scaffold, containing pristine PDLLA, was
prepared by dissolving the polymer in 80% (V/V) HFP aqueous
solution to a final concentration of 12.0% (w/V).

Scanning electron microscopy investigated the morphology of
the scaffolds with particular attention to the assessment of any
defect (beads), the fibers’ orientation, and the diameter
distribution.

Concerning the detection of beads, the SEM image of the
electrospun P scaffold (Figure 3A) showed a three-dimensional
microstructure enriched with interconnected pores and bead-on-
string morphology that typically arises when the surface tension
of the liquid overcomes the charge repulsion and viscous
forces.
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Table 2 Composition, process parameters and morphology of electrospun scaffolds
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Scaffolds® Composition Polymer Final polymer Electrospinning process parameters Average fiber diameter!!
weight concentration % (nm)
ratio (wW/V)
(wiw)
V (kV) N (G) d (cm) F (mL/h)
p PDLLA - 12.00 19 18 19 0.5 448 + 121
HP HA/PDLLA 1:50 12.24 19 18 19 0.5 417 + 34
MAHP MAAHA/PDLLA 1:50 12.24 19 18 19 0.5 410+8
EAHP ELAHA/PDLLA 1:50 12.24 19 18 19 0.5 456 + 17

[a] P: (poly-lactic acid), HP: (hyaluronic acid/poly-lactic acid), MAHP: (methacrylamidated hyaluronic ac-id/poly-lactic acid), EAHP: (elastin-conjugated hyaluronic

acid/poly-lactic acid), [b] Mean value + standard deviation (n>100 from three different images). [c] Average fiber diameter of P and HP are taken as a reference

from [19a].

NSRRI KNI SN

W ! AR AN R
Figure 3. SEM images of electrospun scaffol

Generally, the surface tension and Vviscosity of the
electrospinnable mixture depend on the polymer and the solvent
system used, as well as the charge density is dependent on the
applied voltage. The presence of H,O increases the surface
tension as opposed to pure HFP solution, leading to beads
formation in the nanofibrous morphology.® Nevertheless, HP,
MAHP and EAHP scaffolds displayed fibers with a linear trend,

ds. P (A), HP (B), MAHP (C), EAHP (D); (bar: 20 um). Images A and B are taken from [19a]

-

without beads, suggesting an increase of electrospun solution
viscosities, differently from the scaffold P solution, and the
effective dispersion of the polysaccharides and semi-synthetic
derivatives in the mixture due to the absence of defects (Figure
3B-D). Moreover, for EAHP scaffold, the fibers appeared slightly
curled. The average diameters of fibers as function of frequency
(Figures S20A-B) showed a normal distribution around a mean

This article is protected by copyright. All rights reserved.

85U80| 7 SUOLILLOD BA 181D qeotjdde au Aq peuenob ae sao e O ‘SN Jo Sa|ni 0} ARiq 1T 8UIUO A3]1M LD (SO IPUO-PUB-SLUBHLLGY A8 | IM-Afelq1Bu1|uO//Sd1Y) SUORIPUOD PR SWe | BU388S *[7202/T0/62] U0 Ariqi auljuO A8jIM * caLelY I Wiedspel| |q1g Bzueiad 1 el seg AISRAIIN - 0lYyo1yoog epiBlg Aq 29900€202 NIdo/Z00T OT/10p/L0d Aa 1M Areiqijeuluoadoine-Alisiueyd//sdiy wouj papeojumoq ‘el ‘90592612



ChemPlusChem

value of 448 + 121, 417 + 34, 410 + 8, and 456 + 17 nm for P,
HP, MAHP, and EAHP electrospun scaffolds, respectively, as
reported in Table 2.

The differences in the fibers’ diameter between the scaffolds
were evaluated by statistical analyses using the one-way
Analysis of Variance (ANOVA) method and Tukey's Test.
Between P and HP as well as P and MAHP membranes, a
significant decrease was observed for *p < 0.05 (from 448 + 121
to 417 £ 34, and from 448 + 121 to 410 % 8), whereas for **p <
0.01 a statistical reduction in average diameter was found by
comparison of P and MAHP membranes (Figure S21) (from 448
+ 121 to 410 £ 8). Even though by blending HA and MAAHA with
PDLLA, the viscosity of the solution should rise, with a relative
increase of nanofibers diameter, the observed data could be the
results of humidity increasing, which allows elongation of the
charged jet to continue longer and thereby to form thinner
fibers.Bl However, the substantial standard deviation (SD)
related to the measure of scaffold P should be taken into
account due to bead formation.

Differently from previous studies,*®d in the case of EAHP
scaffold, the presence of ELAHA glycoconjugate induced a
significant increase of average fibers diameter with *p < 0.05 and
**p < 0.01 respect to HP and MAHP, as reported in Table 2
(from 417 + 34 to 456 + 17, and from to 456 + 17, respectively).
Since P, HP, MAHP, and EAHP membranes have been
electrospun using the same process parameters, this finding
should be imputable to specific solution physical properties
changes due to the nonquantitative conjugation of peptide 1 in
ELAHA derivative.

As a matter of fact, the acidity of the HFP/H,O solution should
give rise to positively charged e-amine of Lys residues with a
consequent increase of solution conductivity and a reduction in
the average diameter. Typically, in fact, the increase of charge
density in the electrospun solution affords the formation
nanofibers with smaller diameter. In our case, instead, the
nonquantitative functionalization of derivative 2 with elastin
peptide afforded a low charge density of the solution with a
consequent increase of nanofibers diameter. 8l

Overall, the morphology of HP, MAHP and EAHP scaffolds is
characterized by the absence of defects and the presence of
interconnected nanofibers, which well mimic the ECM three-
dimensional structure as well as enable oxygen and vapor
permeation in wound dressing applications. These aspects are
pivotal for optimal wound dressing design. Moreover, as
reported by Kenar and co-workers,® the found values of the
average fibers diameter of the produced membranes (326 — 569
nm) render the scaffolds good candidates for tissue engineering
applications.

Cytotoxicity Assay

A 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay was performed to
evaluate the absence of cytotoxicity of the scaffolds. Both with
the employment of a methacrylate and methacrylamide moieties
in the chemical strategy, the results of the cytotoxicity assay
showed no negative influence of the extracts on the metabolic

10.1002/cplu.202300662
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activity of dermal fibroblast cells (Table S1 and Figures S22A-B)
After 24 h (Figure S22A), the cells in the extraction medium of
scaffold P showed a statistically lower metabolic activity (P = 90
+ 6%) than the medium and the positive gelatin control for *p <
0.05. When pristine HA and methacrylated HA were co-
electrospun with PDLLA, a metabolic activity (HP = 95 + 1% and
MHP = 92 + 5%, respectively) not significantly different to the
medium and positive control was reported. In the case of
methacrylamidated HA, instead, a statistically lower metabolic
activity (MAHP = 91 + 5%) than the medium and the positive
control for *p < 0.05.

The derivative obtained after the conjugation with EL were co-
electrospun with PDLLA, and both reported a metabolic activity
not statistically different metabolic activity to the medium and the
positive control (EHP = 94 + 5% and EAHP = 96 + 4).

After 48 h (Figure S22B), all the scaffolds reported a similar
metabolic activity to the medium and the positive gelatin control,
except MAHP with a value of 85 + 5% that was statistically
different for *p < 0.05 and **p < 0.01.

According to 1SO 10993-5:2009, the extract shows no cytotoxic
potential if the relative viability is not reduced below 70%. This
condition was met in all the scaffolds that were spun out of
polymers, which were previously described as mostly
biocompatible. No cytotoxicity on fibroblast cells was observed
for PDLLA scaffolds and PLA/HA composites.©0

Conclusion

A semi-synthetic ELAHA bioconjugate has been obtained and
described here by exploiting the reactivity of a methacrylamide
linker on MAAHA. Simultaneously, because of the low reactivity
of the linker, Cys and NAcCys have been investigated in a study
on the thiol-Michael addition, where the efficiencies of MAAHA
and MAHA have been compared. The study displayed that the
different reactivity and efficiency are related to a combination of
pH, electron-withdrawing properties of the linkers and the
phosphine catalyst excess.

Moreover, to pursue the attractive properties of hyaluronan-
elastin materials in wound healing applications, a set of bio-
inspired electrospun scaffolds composed of HA, MAAHA,
ELAHA, and PDLLA have been produced, evaluating their
morphology. The nonquantitative functionalization in the
derivative ELAHA affected the morphology, increasing the
diameter of the fibers.

At the same time, the cell viability on the electrospun scaffolds
has been evaluated, demonstrating the increase of the cells'
metabolic activity in the case of the scaffolds containing semi-
synthetic derivatives compared to those containing pure HA,
even though not significantly.

Experimental section

Materials: Commercial-grade reagents and solvents were used
without further purification, except where otherwise indicated.
The term “pure H,O” refers to water purified by a Millipore Milli-Q
Gradient system. HA (Mw = 186 KDa) medical device grade was
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a generous gift of Altergon Italia SrL. 2-AEMAA-HCI, MTS Assay
Kit, 3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (DSS),
NAcCys, Cys, sodium chloride (NaCl), sodium hydroxide pellets
(NaOH) were purchased from Sigma Aldrich. HFP and EDC-HCI
were purchased from lIris Biotech GmbH, and s-NHS was
purchased from TCI Chemicals.

Peptide 1 was synthesized as recently reported.! Dulbecco’s

modified Eagle’s medium, fetal bovine serum,
penicillin-streptomycin, TCEP-HCI were purchased from
ThermoFisher Scientific. PDLLA (EasyFil PLA, transparent

pellets, molecular weight: 126 kDa, density: 1240 kg/m?®) was
obtained from FormFutura.

Dermal fibroblasts cells (20.000 cells/wel) were purchased from
PromocCell.

Dialyses were conducted on Slide-A-LyzerTM Dialysis Cassette
G2 2.0 kDa cut-off membranes at 25 °C for MAAHA and MAHA
and 3.5 kDa for ELAHA. Freeze-drying was performed with a

Christ Alpha 1-4 LD plus freeze-dryer.

NMR spectroscopy: NMR spectra were recorded on 500 MHz
(*H: 500 MHz), 400 MHz (*H: 400 MHz, *'P: 162 MHz) Varian
Inova instruments in D,O (DSS 10 mM as internal standard, 64 =
0 ppm, &¢c = 0 ppm).

COSY experiments were performed using spectral widths of
either 3750 Hz in both dimensions, using data sets of 2048x256
points. DSmethacryt and DSagdition Of 2, 3, 4, 5-i,ii, 6-i,ii, 7-i,ii and 8-
i,ii are attributed to disaccharide repeating units.

ATR-FTIR Spectroscopy: ATR spectra were recorded on a
model J-460 instrument (Jasco Europe Srl) equipped with an
ATR PRO ONE Single-reflection ATR accessory using a single
crystal diamond ATR prism. Spectra were acquired in the region
from 4000 to 450 cm™ with a spectral resolution of 2 cm* and
256 scans. Background spectra were recorded each time and
then subtracted from the sample spectra.

SEM Analysis: SEM images were acquired with a voltage of 20
kV and different magnifications, after gold sputter-coating on a
Philips, FEI ESEM XL30 instrument. The diameter of the fibers
was evaluated, on three images for each scaffold, using ImageJ
software supplied with the DiameterJ plug-in (n > 100).

MTS Assay: Scaffolds were sterilized during 24 h using UV
irradiation (254 nm) then placed in sterile 24-wells plate. Wells
containing gelatin coating were coated during 1 h at 37 °C
before cells seeding. The fabricated scaffolds were tested for
biocompatibility. For this purpose, a cytotoxicity test has been
performed using an MTS assay. Each polymer was incubated
for 24 h at 37 °C and 5% CO; in Dulbecco’s modified Eagle’s
medium and 1% penicillin-streptomycin before seeding cells.
Dermal fibroblasts cells were then cultured for 24 h and 48 h on
the different scaffolds with sterile cell culture medium
supplemented with 10% fetal bovine serum. The cell culture
medium alone served as a negative control. Subsequently, the
MTS assay was performed according to the manufacturer’s
protocol (100 yL of MTS were added to each well and incubated
for 2 h at 37 °C). The absorbance of the soluble formazan
produced by the cellular reduction of MTS was measured at 490
nm (n = 3). The cell viability was determined by the absorption of
the samples relative to the control.
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General procedure for the Thiol-Michael addition study: The
thiol donor and TCEP-HCI were mixed dissolved in pure H,O
obtaining respectively a 32 mM and 47 mM solution. After five
minutes it was added to an 8.4 mM solution either of 2 or 4, and
the pH was adjusted to 8.9 with freshly prepared 1.0 M NaOH
solution. After 48 h at room temperature the mixture was
neutralized with HCI 0.1 M solution and dialyzed against NaCl
150 mM solution for 2 days, and against H,O for further 2 days.
The subsequent freeze-drying vyielded a white solid with
TCEP=0 and TCEP=S as impurities in the derivatives.

Supporting Information

The data that support the finding of this study are available in
the supplementary information
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ELECTROSPINNING
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Elastin and hyaluronan have been coupled exploiting a phosphine-mediated thiol-Michael reaction. The conjugate has been blended
and electrospun with poly-p,L-lactide (PDLLA), obtaining scaffolds whose morphology and cell viability are influenced by the extent of
the peptide coupling. Therefore, the efficiency of the thiol-Michael reaction has been investigated under different conditions.
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