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This work describes the enzymatic synthesis of multifunctional hydrogels for chronic wound treatment
using thiolated chitosan and the natural polyphenol chicoric acid. Gelation was achieved by laccase-
catalyzed oxidation of chicoric acid, a natural compound used for the first time as a homobifunctional
crosslinker, reacting subsequently with nucleophilic thiol and amino groups from the chitosan derivative.
This approach allowed for twice as fast gelation at a three-fold reduced crosslinking reagent concentration,
compared to reported enzymatic synthesis of hydrogels using gallic acid as a phenolic provider. Hydrogels
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with 600% swelling capacity, coupled with only 20% weight loss after 6 days under physiological condi-
tions, were obtained. The clinically relevant Gram-positive Staphylococcus aureus and the Gram-negative
Pseudomonas aeruginosa were reduced by up to 4.5 and 5.5 logs, respectively. A tunable, in the range of
20-95%, ex vivo inhibition of myeloperoxidase (MPO) activity in chronic wound exudate was achieved,
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1. Introduction

When a wound remains in the inflammatory phase, delaying its
normal physiological healing, the wound becomes a chronic or
non-healing one." In the majority of cases, venous stasis and
ischemia, secondary to diabetes mellitus and pressure, define
the etiology of non-healing ulcers.”> Incidences with chronic
wounds are increasing annually due to the demographic rise of
the elderly population and the increased number of diabetes
cases. Non-healing wounds cause pain and discomfort to patients,
deteriorate their quality of life and in addition are prone to severe
bacterial infections. Infection-related complications of chronic
wounds might ultimately result in limb amputation and even
death. The dynamics of the pathological processes of chronic
wounds are related to different factors, contributing to wound
chronicity. Bacterial contamination stimulates the inflamma-
tory response, which leads to overproduction of macrophages
and neutrophils.® These immune cells carry matrix metallo-
proteinases (MMPs) and reactive oxygen species (ROS), neces-
sary to cleanse the wound of cellular debris and to protect from
bacterial biofilms.* MMPs are zinc-dependent proteases, which
are able to degrade collagen and elastin - the structural units of
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together with control over the total matrix metalloproteinase (MMP) activities.

the extracellular matrix (ECM).> The molecular basis of wound
chronicity relies on excessive proteolysis of collagen, elastin, growth
factors and tissue inhibitors of MMPs (TIMP).® Additionally, the
hypochlorous acid (HCIO) produced by the neutrophil-derived
myeloperoxidase (MPO) can oxidize biomolecules, such as DNA,
proteins and lipids.”®

There is an increasing demand for adequate and efficient
therapies and dressings to boost the normal wound healing
process. An ideal wound dressing should absorb and retain the
excess of exudate away from the wound bed, maintaining at the
same time the moist environment necessary for wound healing.’
Hydrogels featuring these properties dominate nowadays the
market of chronic wound dressings."°

The multifactorial nature of chronic ulcers often turns many
single-factor directed approaches into ineffective or low efficacy
therapies. Our concept is based on creating multifunctional
bioactive and biocompatible hydrogels, which will address
simultaneously specific chronic wound constituents in order
to promote the normal wound healing process. Control of
overexpressed MMPs and MPO may prevent excessive degrada-
tion of the ECM and diminish the oxidative stress. Providing an
antibacterial environment to the wound will protect it from
infection. Combining several properties beneficial for the healing
process in a dressing material would result in more effective
chronic wound treatment.

Chitosan is a hydrophilic and antibacterial polysaccharide
derived from the outer shell of crustaceans or from fungal
origin, which is known to support the wound healing process."*
Fungal chitosan has superior chemical and physicochemical
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properties, such as a high degree of purity and a controllable
degree of acetylation and molecular weight. In addition, fungal
chitosan has lower immunogeneicity, compared to the crusta-
cean counterpart, and thus is preferred for medical applications.
Chitosan-based hydrogels have been applied in tissue engineer-
ing, regenerative medicine, drug delivery and wound healing."?
In most of these applications, however, the poor mechanical
properties of chitosan-based hydrogels imply their chemical
crosslinking, often producing toxic residues of crosslinkers that
are unreacted and difficult to remove traces of, such as glutar-
aldehyde, ethyleneglycol diglycidylether and isocyanate." In the
current study, we use thiol derivatives of chitosan targeting
a dual beneficial impact on the properties of the resulting
materials. On one hand, the thiol groups can be oxidized to
disulfide bridges, which will enhance the stability of the hydro-
gels. On the other hand, the thiol functionalities may provide
inhibition of the overexpressed deleterious wound enzymes, i.e.
MPO by both scavenging HCIO and interfering in the catalytic
cycle of the enzyme'**> and MMPs by chelation of Zn** from
the enzyme active center.'®

Replacing the harsh chemical crosslinkers with naturally-
based ones which can be oxidized by environmentally friendly
enzymatic reactions is a promising strategy employed in our
group to develop chemically crosslinked hydrogels for wound
healing. Enzymes like tyrosinase, horseradish peroxidase and
laccase are able to oxidize different polyphenolic substrates.
Among these oxidative enzymes, laccase is characterized by low
specificity and appears suitable for green chemistry synthesis,
using only atmospheric oxygen as a co-factor.’” Chicoric acid
(ChA), a derivative of caffeic and tartaric acid, is a natural
phenolic compound extracted from Echinacea plants.'® Only
few papers report the implication of ChA in medicine and its
potentially beneficial properties for treatment of diabetes."**°
In addition, ChA possesses anti-hyaluronidase activity, acts as
an immunostimulator and protects collagen from free-radical
induced degradation,> features which could ultimately enhance
the wound healing process. The chemical structure of ChA,
consisting of two phenolic residues separated by an eight-
carbon chain, defined the choice of this polyphenolic acid. The
terminal phenolic groups can be oxidized by laccase to highly
reactive quinones that further undergo Michael addition or
Schiff base reactions with nucleophilic amino and thiol groups.
In our recent work, it was found that the gel crosslinking was
mainly due to the Michael addition between the thiol groups
of modified chitosan and the oxidized polyphenols.>* Thiol
Michael addition has been used also for synthesis of other
biopolymer-based hydrogels for wound healing.>*** To the best
of our knowledge, ChA has never been used as a crosslinker for
enzymatic synthesis of hydrogels, whereas its eight-carbon
spacer arm can improve the flexibility of the hydrogel material.>®
Polyphenol-loaded chitosan-based hydrogels produced in our
group have shown promising results as bioactive wound dress-
ing platforms.>**®?” Combining thiolated chitosan (TCS) with
ChA is expected to improve the stability of the hydrogel and its
inhibitory activity over wound MMPs and MPO. The aim of this
work is to synthesize a bioactive hydrogel able to address the
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multifactorial nature of chronic wounds in order to support the
normal wound healing process. The resulting hydrogels should
possess tunable rheological properties, coupled with the ability
to control the MMP and MPO activities, and provide a bacteria-
free environment for the wound. The present work suggests
a novel chitosan-based engineered material, which provided
improved bioactivity and rheological performance of the hydro-
gels, compared to our recently published work, as a prerequisite
for in vivo studies.

2. Results and discussion

2.1. Enzymatic synthesis of hydrogels

In this study, fungal chitosan was chosen as a material for
hydrogel preparation, due to its reduced immunological reac-
tions, compared to that from crustacean origin. A higher degree
of deacetylation, i.e. a higher amount of amino groups, provides
better solubility for chitosan preparations and increases the
cationic character of the polymer, resulting in stronger anti-
bacterial activity.”® A thiolated derivative of chitosan was
achieved by a chemical reaction between chitosan amino groups
and 2-iminothiolane hydrochloride (Traut’s reagent).>® The
chitosan: Traut’s ratio determines the amount of free thiol
groups (Table 1) in the thiolated chitosan (TCS) samples.

TCS/ChA hydrogels were prepared by laccase-assisted oxida-
tion of ChA in a one-step reaction. Controls with the same
reagent composition, but omitting laccase or ChA, gelated after
at least 8 h. The gelation of controls was due to the formation of
disulfide bridges, as described in the pioneering study about
chitosan thiolation.* The control prepared from non-thiolated
chitosan, ChA and laccase did not gelate even after 24 h of
incubation. These observations were in agreement with our
initial hypothesis that the gel formation would result mainly
from the covalent interactions between oxidized polyphenols and
thiol groups from TCS, while the non-modified amino groups of
chitosan have a minor contribution.”® The polyphenolic ChA
oxidized by laccase crosslinks TCS acting as a homobifunctional
crosslinker (Scheme 1).*°

A similar mechanism of formation of quinone-thiol adducts
between rosmarinic acid (a structural analogue of ChA) and
cysteine was proposed by Tang et al>' Laccases were also
utilized for the synthesis of organic compounds, by oxidation
of polyphenols to quinones, which subsequently undergo non-
enzymatic Michael addition reaction with thiols through
thioether bonds.** Similarly, in our case, the laccase oxidizes
the polyphenolic moieties of ChA to highly reactive quinones,
which further react with the nucleophilic -SH group from
TCS to achieve the crosslinking and gelation of the material.

Table 1 Thiolated chitosan (TCS) samples

Reaction ratio pmol free -SH

Sample code chitosan: Traut’s per g polymer
TCS1-10 10:1 212.5 £ 9.8
TCS1-5 5:1 372.5 £ 23
TCS2-5 5:2 502.7 + 29.6

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic representation of the laccase-assisted hydrogel
formation between TCS and ChA. The one-step hydrogel synthesis can
be subdivided into two consequent reactions. In the first reaction, phenolic
groups of ChA are oxidised by laccase, yielding quinone derivatives. In
the second reaction, two molecules of TCS are chemically crosslinked
through Michael-addition reaction of nucleophilic thiol groups and quinone
moieties.

The molar ratios between the thiol groups of chitosans with
different degrees of thiolation and various concentrations of
ChA are shown in Table 2. The evolution of the enzymatically-
initiated formation of TCS/ChA hydrogels was analyzed with
time sweep rheological tests (Fig. 1).

The crossover of the storage (G’) and loss (G”) moduli,
defined as the gelation point (GP), occurred after different reac-
tion times, depending on the degree of thiolation of chitosan.
When using TCS1-10 (the chitosan sample with the lowest thio-
lation degree), the GP was reached after 1200 s, while 1080 s
were necessary to gelate the sample prepared with TCS1-5. In all
cases, G’ continued rising beyond the GP and reached values
of 4 and 53 Pa after 1800 s for 0.73TCS1-10 and 0.73TCS1-5,
respectively (Fig. 1A and B). By contrast, the hydrogel with the
highest degree of thiolation 0.73TCS2-5 gelated within 420 s
and its G’ value reached 115 Pa after 1800 s (Fig. 1C). These obser-
vations logically suggest that using a higher degree of chitosan

Table 2 Samples of thiolated chitosan/chicoric acid hydrogels, obtained
upon reaction with laccase

Thiolated Chicoric Molar ratio thiol

Sample code chitosan acid (mM) groups : ChA
0.24TCS1-10 TCS1-10 0.24 47.6
0.49TCS1-10 TCS1-10 0.49 23.4
0.73TCS1-10 TCS1-10 0.73 15.7
0.24TCS1-5 TCS1-5 0.24 83.6
0.49TCS1-5 TCS1-5 0.49 41
0.73TCS1-5 TCS1-5 0.73 27.5
0.24TCS2-5 TCS2-5 0.24 112.8
0.49TCS2-5 TCS2-5 0.49 55.3
0.73TCS2-5 TCS2-5 0.73 37.1

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Time sweep rheological characterization of the hydrogels. Evolu-
tion of the storage (G’) and loss (G”) moduli vs. time at 50 °C of hydrogels,
prepared with the highest degree of thiolation and the same concentration of
ChA in the presence of laccase (2.7 U mL™Y, (A) 0.73TCS1-10, (B) 0.73TCS1-5
and (C) 0.73TCS2-5.

thiolation would lead to shorter gelation time and higher G’
value. The latter can be interpreted as more solid-like behavior
and higher mechanical strength of the 0.73TCS2-5 hydrogel.
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Fig. 2 Raman spectra of a TCS:ChA (5:1 w/w) mixture prepared from
TCS with the highest degree of thiolation, in the presence or absence of
laccase. In order to achieve comparable peaks, a higher concentration of
ChA and hence a lower ratio of TCS: ChA was used.

Similar dependence of the gelation time on the degree of
thiolation was observed in our previous work, however, herein
both the concentration of the crosslinking agent and gelation
time were reduced.*” The overall low G’ values of the hydrogels
may match the mechanical strength of soft tissues, which
eventually will improve the dressing comfort.

The Raman spectra of lyophilized hydrogels did not appar-
ently reveal the crosslinking mechanism, presumably due to
the high mass ratio of TCS: ChA. Thus, in order to elucidate the
mechanism of hydrogel formation, a mixture with lower TCS:
ChA ratio (5:1 w/w) in the presence and absence of laccase was
studied. The mixtures were incubated for 2 h at 50 °C and then
the freeze-dried specimens were studied by Raman spectroscopy
(Fig. 2).

A peak at 2570 cm ™" related to the thiol groups in TCS
appeared in the spectrum of the material prepared without
laccase. This peak was not present in the spectrum of TCS : ChA
reacted with laccase, confirming the consumption of the thiol
groups. The formation of a thioether bond -CH,S- between the
thiol groups and the ChA oxidized by laccase through the Michael
addition reaction is supported by the appearance of new peaks at
2730, 2842, 2885 and 2954 cm ' due to symmetric and asym-
metric ~-CH,- stretching, respectively. The peak at 1330 cm™ " was
due to wagging vibrations of —-CH,- groups, while increased
intensity of the peak at 810 cm™ " can be associated with C-S
stretching of newly formed thioether bonds. The peaks at 842 and
979 cm ™! can be assigned to different skeletal vibrations, and the
peak at 1042 cm ' was due to the ring vibrations with C-S
interaction of the ChA aromatic cores.**

2.2. Morphology of the hydrogels

Cryo-SEM images of cross-sectional hydrogels (Fig. 3) revealed
porous structures with interconnected, randomly distributed
pores with varying size and shape, depending on the concen-
tration of ChA. The hydrogel prepared with the lowest concen-
tration of ChA (0.24TCS2-5) showed the largest pore size and
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View Article Online

Journal of Materials Chemistry B

Fig. 3 SEM images of lyophilized hydrogels, prepared with TCS2-5 and
different concentrations of ChA: (A) 0.24TCS2-5; (B) 0.49TCS2-5; and
(C) 0.73TCS2-5. Magnification x1000. At least twenty pores per each SEM
image were taken into account for the calculation of the hydrogel average
pore size.

broader size distribution with an average diameter of 22.0 +
8.5 um (Fig. 3A). Increasing the amount of ChA lead to a denser
network and therefore to a smaller pore size and narrower
size distribution with an average diameter of 18.4 + 6.1 and
6.5 &+ 2.2 pm for 0.49TCS2-5 and 0.73TCS2-5 hydrogels, respec-
tively (Fig. 3B and C). Tunability of the network density of hydro-
gels may define their usefulness in controlled drug delivery
applications.

This journal is © The Royal Society of Chemistry 2018
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2.3. Swelling properties of the hydrogels

The amount of water or physiological fluid absorbed and
retained in the hydrogel matrix is directly related to the degree
of its crosslinking. Highly crosslinked hydrogels will absorb
less, while networks with low crosslinking density will absorb
higher volumes of wound fluid. The capacity of the gel to retain
liquids, however, should not compromise its mechanical inte-
grity. In acute wounds, the role of exudate is to facilitate the
diffusion of growth and immune factors and the migration of
fibroblasts across the wound bed. Chronic wounds, however,
are often characterized by producing large amounts of exudate.
Effective exudate management can improve the overall healing
process and the patient outcome.** Therefore, according to the
concept of ‘moist wound healing’, the dressing should be able
to absorb the exudate and thus prevent the excessive degrada-
tion of ECM, while maintaining the moisture of the wound.>®
On the other hand, the pH of a chronic wound may vary,
depending on the type and stage of the wound, and can affect
different factors, participating in the healing process.*® Thus,
the swelling behavior of the hydrogels as a function of the pH of
the medium was studied (Fig. 4).

At lower pH values the concentration of charged ionic
groups (NH;') in the hydrogels increases, increasing the
osmotic pressure and charge repulsion. This phenomenon leads
to higher swelling capacity of the hydrogels. However, at higher
pH values, due to the deprotonation of the amino groups of
chitosan, their swelling capacity significantly decreased.'?
The higher degree of crosslinking explains the lower swelling
capacity of the hydrogels, prepared with higher concentration
of ChA.

Moreover, since the nonoxidized polyphenols can be oxidized
and subsequently polymerized at alkaline pH values,>” the
hydrogel structure can be additionally crosslinked, resulting in
less swelling capacity. On the other hand, thiol groups can be
also additionally oxidized at alkaline pH, leading to more cross-
linked structures with lower swelling capacity.®®

700 ok [ 0.24TCS2-5

.49TCS2-5
.73TCS2-5

Swelling (%)

N
6.5 8
pH

W

Fig. 4 Swelling behavior of hydrogels prepared from TCS2-5 and varying
the concentration of ChA at different physiological pHs. The results are
reported as mean values + SD (n = 5) and their statistical significance was
calculated using one-way ANOVA (p < 0.05).

This journal is © The Royal Society of Chemistry 2018
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Appropriate management of wound exudate may diminish
chronic wound exacerbation, enhancing the healing process.
Heavily exuding wounds should be treated with highly absorbent
materials, preventing healthy skin maceration and excoriation
and reducing the frequency of dressing change.** Wound fluids
collected from chronic wounds with various etiology and in
different stages have shown distinct pH, most commonly around
5-8.%¢ Despite possessing high absorptive capacity (240-300%) at
pH = 8, the hydrogels will be saturated faster. Contrastingly, at
pH = 5, more time will be needed for hydrogel saturation, due to
their higher swelling capacity (500-600%), reducing the fre-
quency of wound dressing change. Therefore, the hydrogels will
be more efficient in exudate management for chronic wounds
with lower pH.

2.4. Radical scavenging activity

Reactive oxygen species (ROS) play an integral role in host
defense, and hence in wound healing. However, elevated levels
of ROS lead to oxidative stress and can have a detrimental effect
on the proper healing process.*® The antioxidant activity of the
natural polyphenol ChA is well documented.*"*> In addition,
the residual free thiol groups in the hydrogel matrix can also
act as antioxidants and radical scavengers.”* Moreover, an
enhanced effect of the thiol groups on the antioxidant perfor-
mance of the polyphenolic compounds might be expected.**
The radical scavenging effect of the hydrogels in the presence of
DPPH (Fig. 5) depends on the degree of thiolation of chitosan
and the amount of ChA. The highest antioxidant capacity,
achieved with 0.73TCS2-5 (around 15%), was due to the ChA
released from the hydrogel matrix. Low antioxidant activity of
the hydrogels was most probably due either to complete oxida-
tion of the phenolic groups present in ChA upon treatment with
laccase or to the low concentration of the released non-oxidized
ChA. This was not the case when gallic acid was used for cross-
linking the hydrogels due to steric hindrance preventing all three
phenol groups in gallic acid from oxidation.>*

100 4
I TCs1-10
Xy TCS1-5
954
£
= *%
'S * %k
;-_g 90
w154
£
5 104
5
04
0.24 0.49 0.73
Concentration of ChA (mM)

Fig. 5 Antioxidant activity of the hydrogels depending on the degree of
chitosan thiolation and the concentration of ChA. The results are reported
as mean values £ SD (n = 3) and their statistical significance was calculated
using one-way ANOVA (p < 0.05).
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Fig. 6 Stability of hydrogels in PBS alone (continuous line) and in the
presence of lysozyme (dashed line). The hydrogels were prepared with
TCS2-5 and various ChA concentrations. The results are reported as mean
values &+ SD (n = 5) and their statistical significance was calculated using
one-way ANOVA (p < 0.05).

2.5. Biostability of the hydrogels

The antibacterial enzyme lysozyme, commonly found in ele-
vated levels in chronic wounds,” cleaves the B-(1-4)-linkages
between the N-acetylglucosamine and N-acetylmuramic acid in
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the cell membrane of bacteria. Lysozyme, however, is also able
to hydrolyze the B-(1-4)-bond between the N-acetyl glucosamine
and glucosamine units in chitosan. Thus, the biostability of
chitosan-based hydrogels is an important characteristic for their
prolonged, up to six days, exploitation as wound dressings.”” The
tested hydrogels did not reveal significant differences in their
degradation profile upon incubation for 144 h in PBS or in PBS
with lysozyme (Fig. 6). The low susceptibility of sample 0.73TCS2-5
to enzymatic hydrolysis was most probably due to the hindrance of
the linkages susceptible to degradation in the crosslinked hydrogel
structure. This was evidenced also with the samples 0.24TCS2-5
and 0.49TCS2-5, which degraded to a higher degree, due to the
facilitated access of the enzyme to their chains. Another factor
that may contribute to the enhanced biostability of the hydro-
gels is the degree of deacetylation (in our case 87%) of chitosan.
Chitosans with a higher degree of deacetylation, and respec-
tively more amino groups, are less susceptible to lysozyme
degradation.*® Most probably, this is due to electrostatic repul-
sion between the positively charged biopolymer and the enzyme
protein.”” On the other hand, the slow degradation of the
hydrogels defines the sustained release of polyphenols during
incubation in physiological solution.

The hydrogel platform 0.73TCS2-5 revealed a significantly
improved biostability profile (over 15% lesser weight loss)
compared to our previously obtained material.**

0.73TC82-5

0.73TCS1-5

W
1

* %

* %

w BN
P 1

N
PR

Bacterial reduction (log)

0.49TCS2-5

0.24TCS2-5

oo soooow!

073TCS2-5

Fig. 7 Antibacterial activity of TCS/ChA hydrogels against: (A) Pseudomonas aeruginosa and (B) Staphylococcus aureus ((Al) and (B1)-hydrogels,
prepared with the highest concentration of ChA and varying the degree of chitosan thiolation; (A2) and (B2)-hydrogels, prepared from chitosan with the
highest degree of thiolation and varying the concentration of ChA) as a function of the degree of chitosan thiolation and the concentration of ChA. The
results are reported as mean values + SD (n = 3) and their statistical significance was calculated using one-way ANOVA (p < 0.05).
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2.6. Antibacterial activity of the hydrogels

The antibacterial activity of the hydrogels was assessed against
the clinically relevant Gram-negative P. aeruginosa and Gram-
positive S. aureus. The growth of these strains was reduced to a
different extent, depending on the degree of chitosan thiola-
tion, concentration of ChA and time of incubation with the
hydrogels (Fig. 7). In all cases, increasing the thiolation degree
of chitosan affected negatively the antibacterial performance of
the hydrogels. This was due to the consumption of the acces-
sible -NH, groups in chitosan, necessary for the disruption of
the bacterial membrane, during the thiolation reaction and the
enzyme-catalyzed crosslinking with ChA, where part of the
amino groups can also undergo Michael addition or Schiff base
reactions with the oxidized ChA.*® Zheng et al. have demon-
strated that chitosan with low molecular weight has greater
antibacterial activity against Gram-negative strains.*® Similarly,
low molecular weight chitosan was used in the current work
and this was most probably the reason for the better anti-
bacterial performance of the hydrogels against P. aeruginosa
compared to S. aureus.

2.7. Ex vivo activity of the hydrogels against chronic wound
enzymes

MPO is an oxidative enzyme, released from human neutrophils
upon certain external signals. This enzyme can be involved
in two different catalytic cycles — oxidation and chlorination.
During the chlorination cycle in the presence of H,O, and Cl™
MPO catalyzes the generation of HCIO, the most potent bacteri-
cidal agent produced in humans.*® Despite its primary function
to kill the invading pathogens, excessive amounts of HCIO can
contribute to disruption of the healing process by oxidizing
different biomolecules.>® Thus, control over the MPO activity
may promote the healing process. Recently, we demonstrated
that polyphenols were able either to scavenge the already
formed HCIO or engage the MPO in the oxidation cycle, and
thus inhibit its chlorination activity.>®> The inhibitory activity
of thiol groups against MPO has been also demonstrated."
Surprisingly, the hydrogels prepared with higher concentration
of the anti-oxidant ChA did not show higher inhibitory activity
against MPO (Fig. 8A). This result might be related to the low
concentration of ChA released from the crosslinked matrix.
Contrarily, the hydrogels prepared with lower concentration of
ChA revealed higher inhibitory activity against MPO, due to the
higher amount of free thiol groups. Nevertheless, MPO inhibi-
tion tunable in the range of 20-95% for the different groups of
hydrogels was achieved.

In acute wounds, MMPs are responsible for the cleavage of the
highly crosslinked collagen in the wound bed, thereby allowing
the migration of cells needed for the reepithelialization process.”*
Elevated levels of MMPs, however, and a disturbed MMP/TIMP
ratio can lead to excessive degradation of ECM, and thus chroni-
city of the wound.>® Thiolated derivatives of chitosan might
inhibit MMPs by chelating Zn>* from their active center. In
addition, ChA with its two -COOH groups may electrostatically
entrap the positively charged MMPs in the hydrogel matrix.®

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Ex vivo inhibition of (A) MPO and (B) total MMPs in exudate from a
venous leg ulcer by the hydrogels, depending on the degree of chitosan
thiolation and the concentration of ChA. The results are reported as mean
values + SD (n = 3) and their statistical significance was calculated using
one-way ANOVA (p < 0.05).

The increased inhibitory activity of the hydrogels upon
decreasing the concentration of ChA can be explained by the
larger amount of free thiol groups able to chelate Zn>*. The same
tendency can be observed comparing the hydrogels prepared
from TCS with increasing degree of thiolation while maintaining
the ChA concentration constant (Fig. 8B).

2.8. Biocompatibility of the hydrogels

The main function of fibroblasts in the dermis is the synthesis
of ECM. Fibroblasts, which are recruited in chronic wound
repair, are more prone to senescence, and thus a biocompatible
material is required in order to minimize the loss of their
function.>® Human foreskin fibroblasts showed 80-95% viability
after one-day incubation with the hydrogels (Fig. 9). Although
the number of viable cells decreased to 70-85% after 7 days of
incubation, most probably due to the sustained release of ChA,
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Fig. 9 Fibroblast cell viability after (A) 1 day and (B) 7 days of incubation
with the hydrogels. The hydrogel materials used for this study were
prepared from chitosan with a variable degree of thiolation and increasing
concentration of ChA. The results are reported as mean values + SD (n = 3)
and their statistical significance was calculated using one-way ANOVA
(p < 0.05).

the hydrogels can be regarded as a biocompatible and efficient
platform for treatment of chronic wounds.

3. Conclusions

In this paper, we report on the synthesis of hydrogels for
chronic wound treatment from thiolated chitosan and the
natural polyphenol ChA by using a green chemistry enzymatic
approach. It was demonstrated for the first time that the
naturally-based polyphenol ChA could serve as a crosslinking
agent for the enzymatic synthesis of chitosan-based hydrogels.

The laccase catalyzed oxidation of this novel crosslinking
agent allowed for fast gelation of the material by using con-
centrations in the micro-molar range, compared to our recently
published work.”?> The resulting hydrogels revealed tunable
pore size, with respective swelling behavior depending on the
pH of the media, the concentration of the crosslinking agent
and the degree of thiolation of the polymer matrix. The anti-
bacterial efficiency and the antioxidant and inhibitory effect of
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these hydrogels over deleterious wound enzymes defines them
as potentially valuable dressing materials for chronic wound
treatment.

4. Materials and methods

4.1. Reagents and enzymes

ChA (2,3-dicaffeoyl-L-tartaric acid), 5,5'-dithiobis-(2-nitrobenzoic
acid) (Ellman’s reagent), sodium phosphate mono- and dibasic,
hydrochloric acid, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), phosphoric acid, boric acid, hydrogen peroxide,
sodium acetate, sodium chloride, sodium hydroxide, acetic acid,
2-iminothiolane hydrochloride (Traut’s reagent), ir-cysteine,
phosphate buffer saline (PBS), Bradford reagent (Coomasie
Brilliant Blue G), 1,1-diphenyl-2-picrylhydrazyl (DPPH), Folin &
Ciocalteu’s phenol reagent, sodium carbonate, 3,3',5,5-tetra-
methylbenzidine, taurine, sodium iodide, and dimethyl sulfoxide
were purchased from Sigma-Aldrich. Medical grade 15 kDa fungal
chitosan (degree of deacetylation 87%) was provided by KitoZyme
(Belgium).

Laccase (EC 1.10.3.2) Denilite II Base product (from
Myceliophtora thermophila, 8.6 U mg™ ', where 1 U corresponds
to the amount of enzyme which catalyzes the oxidation of
1 pmol ABTS per min at pH 5.5 and 25 °C) was provided by
Novozymes (Denmark). Lysozyme (EC 3.2.1.17, 100 000 U mg ™"
where 1 U corresponds to the amount of enzyme which decreases
the absorbance at 450 nm by 0.001 per min at pH 7.0 and 25 °C of
Micrococcus luteus, ATCC 4698, as a substrate) was purchased from
Sigma-Aldrich.

4.2. Preparation of hydrogels

Chitosan thiobutylamidine - the thiolated derivative of chitosan —
was synthesized by reacting the primary chitosan amino groups
with Traut’s reagent.?® Briefly, 1 g of chitosan was dissolved in
100 mL 1% CH3COOH and the pH of the solution was adjusted
to 6.5 with 5 M NaOH. Chitosan batches with various degrees of
thiolation (Table 1) were obtained depending on the amount of
Traut’s reagent. After stirring for 24 h in dark conditions, the
solutions were dialyzed, once against 5 mM HCI with 1% Nacl,
twice against 1 mM HCI with 1% NaCl, and finally against
1 mM HCI to remove the unreacted Traut’s reagent. The chitosan
derivative was lyophilized and stored at 4 °C under nitrogen
atmosphere.

The amount of free thiol groups in each preparation was
quantified using Ellman’s reagent® as follows: 2 mg of the
lyophilized TCS soaked in 1 mL 0.5 M phosphate buffer pH 8
was incubated with 1 mL 0.3 mg mL ™" Ellman’s reagent (dis-
solved in the same buffer) for 3 h under dark conditions; the
mixtures were then centrifuged at 5000 rpm for 5 min and the
absorbance of the supernatant was measured at 450 nm with a
microplate reader Infinite M200, Tecan (Austria). A calibration
curve was built with r-cysteine standards using non-thiolated
chitosan as a control.

The hydrogels were prepared in a similar way as described in
our recently published article.”” Briefly, solutions containing

This journal is © The Royal Society of Chemistry 2018
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0.5 mL 7% w/v TCS with different degrees of thiolation, 0.05 mL
laccase (2.7 U mL™ ") and 100, 67 and 33 pL 2.25 mg mL ™' ChA
in 0.1 M acetate buffer pH 5.5, were prepared. After adjusting
the volume of the solutions to 0.65 mL with acetate buffer, the
mixtures were transferred to a 24-well plate by a syringe out-
fitted with a 21G needle in order to maintain the same gel pre-
paration conditions. Thereafter, the 24-well plate was incubated
for 2 h at the temperature of maximum laccase activity (50 °C) to
obtain the hydrogels (Table 2).

The phenolic content of the hydrogels was determined with
70 pL 0.2 N Folin-Ciocalteu reagent, 120 puL 20% w/v Na,CO;
and 1.2 mL Milli-Q water per 1.4 mg lyophilized sample. After
incubating the mixtures for 1 h at room temperature under
dark conditions, the absorbance at 765 nm of 300 pL of each
solution was measured. In order to evaluate the release of
polyphenols from the hydrogels, 2 mg of each lyophilized
specimen was immersed in 500 pL PBS buffer (pH 7.4) for 24 h
at 37 °C, and the amount of phenols in 400 pL of supernatant was
evaluated as described above. The results were expressed as a
percentage from the initial concentration of ChA used for the
preparation of the hydrogels.

4.3. Rheological, structural and morphological
characterization of the hydrogels

The rheological properties of the hydrogels were monitored
with an ARG2 rheometer (TA instruments, UK). A parallel plate
geometry (40 mm) was used to analyze the samples. The cross-
linking process was followed in the oscillatory mode (0.1 Hz)
with 2% strain. The mixtures were placed onto the Peltier plate
at 25 °C, sealing the geometry with a solvent trap to prevent
water evaporation, and the measurements were initiated after
thermal equilibration to 50 °C (the temperature maximum of
laccase activity). The crossover of the storage (G’) and the loss
modulus (G”) was used as a criterion for determination of the
gelation point. The strain-dependent properties of a represen-
tative hydrogel prepared with the highest degree of thiolation
and the highest concentration of ChA were studied at 1 Hz
frequency and 0.1-1000% strain. The hydrogel sample was
introduced to the Peltier plate at 37 °C and the measurement
was initiated after adjustment of the gap to 1000 um. The actual
value of the hydrogel is the one taken in the viscoelastic region,
where the hydrogels have shown linear and hence independent
from the applied strain rheological behavior.

Raman spectra were acquired using a Raman spectrometer
(Briiker MultiRam, Billerica, MA, USA) equipped with a Nd:YAG
laser as the excitation source (1064 nm) with a spot size of
500 um and a liquid N,, cooled Ge diode detector. Opus 7.2 software
was used for system control and to export data. The spectra were
preprocessed using Unscrambler 10.3 software (Trondheim,
Norway). The structural characteristics of the lyophilized samples
were analyzed performing 512 scans at 4 cm™ ' resolution over the
3600-200 cm ™' range with a 600 mW laser power.

The boiling-liquid nitrogen freezing method was used for
sample preparation. A cross slice of the hydrogel was placed in
the cryo-SEM holder with a clamp facility and introduced into
a nitrogen slush at —196 °C. After freezing, the holder was
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transferred to the cryo-system (GATAN ALTO-1000) and kept frozen
in vacuum conditions. A frozen pristine surface is obtained by
cleaving the top of the sample slice and then, the sample is heated
at —80 °C for 15 min to sublimate frozen water and enhance the
relief. The new surface was coated by Au-Pd sputtering (10 mA,
300 s), introduced in the SEM (JEOL JSM-6510) chamber (—190 °C)
and analyzed at 15 kV. Image] 1.5 software was used to quantify
the pore size of the samples.

The swelling equilibrium of the hydrogels was assessed after
24 h incubation at 37 °C in PBS pH 7.4. The hydrogels were
removed from the media every 1 h and their weight measured.
After 6 h incubation, no further change of the hydrogels’ weight
was observed, considering that at this point the swelling equili-
brium of the samples was reached. In order to determine their
stability at physiological conditions, the hydrogels were sub-
jected to enzymatic degradation in the presence of lysozyme
(100000 U mL™"). The medium was renewed and the hydrogels
weighed once per day during six days. The results were compared
to those acquired in an identical procedure without lysozyme. All
experiments were carried out in five replicates and the average
weight loss was calculated, according to eqn (1):

Weight loss (%) = 100-(Wy — Wyy)/ Wy (1)

where W; is the weight of the swollen hydrogel at swelling
equilibrium in PBS and Wy is the weight of the sample after
lysozyme degradation.

The effect of the pH on the swelling ratio of the hydrogels
was examined by immersion for 24 h at 37 °C in Britton-
Robinson buffers with different pH. After gentle blotting on a
filter paper to remove the superficially adhered liquid, the
weight of the swollen hydrogels was measured and the results
were expressed as a percentage of the water uptake according to

eqn (2):
SW% = (Ws — Wq)/Wq)-100 2)

where W is the weight of the hydrogel in the swollen state, Wy is
the weight of the lyophilized sample and SW% is the percentage
of water uptake. Five replicates of all samples were tested and the
standard deviations were calculated.

4.4. Ex vivo studies of the bioactivity of hydrogels

Wound exudate was extracted from the dressing (UrgoClean®,
Urgo Medical) of a patient with a venous leg ulcer (Hospital de
Terrassa (Spain)) as described elsewhere.”” The inhibitory
activity of the hydrogels against MPO in the wound fluid was
determined by quantifying the amount of taurine chloramine,
produced by the MPO/H,0,/Cl™ system. Briefly, 750 pL of
50 mM PBS pH 6.5 with 200 mM NaCl and 6.67 mM taurine
were mixed with 100 uL. 1 mM H,O, and 150 pL wound fluid,
previously diluted 10 times, in the presence of 2 mg of each
hydrogel sample. The samples were incubated for 2 min at
37 °C and the enzymatic reaction was stopped by addition of
33 uL 1 mg mL ™" catalase solution. Then, 250 uL of the detection
reagent (2 mM 3,3',5,5'-tetramethylbenzidine in 10% DMSO,
100 pL Nal in 400 mM acetate buffer pH 5.4) was added to the
reaction mixture. After 5 min the amount of taurine chloramine
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generated during the enzymatic reaction was measured by
recording the absorbance at 650 nm. All measurements were
carried out in triplicate and the results were expressed as a
percentage of MPO inhibition, compared to controls without
hydrogels, where the activity was considered as 100%.

The inhibitory activity of the hydrogels against MMPs was
assessed by using a fluorescently labeled gelatin substrate
(EnzChek kit, ThermoFisher Scientific). The digestion of gelatin
by MMPs leads to release of fluorescent peptides, and con-
sequently increased fluorescence of the supernatant. Briefly,
1 mg of lyophilized hydrogel species prepared from chitosan with
different degrees of thiolation (TCS1-10, TCS1-5 and TCS2-5) and
increasing concentrations of ChA (0.24, 0.49 and 0.73 mM) were
incubated with 400 pL wound fluid, previously diluted 8 times
with EnzChek buffer (pH 7.5) for 24 h at 37 °C. Thereafter, 100 uL
of each sample was transferred to a 96-well plate and was mixed
with 80 pL of the aforementioned buffer. The enzymatic reaction
was initiated by addition of 20 pL gelatin substrate (final
concentration 25 pg uL ') and the change of fluorescence was
monitored at excitation/emission 493/528 nm. Wound fluid,
incubated without hydrogel, served as a control and the MMP
activity in that sample was considered as 100%.

4.5. Radical scavenging activity

The antioxidant activity of the hydrogels was studied spectro-
photometrically measuring the decrease of DPPH radical absor-
bance at 517 nm. Briefly, 2 mg of each hydrogel was incubated
in 60 uM DPPH solution in methanol at 37 °C under dark con-
ditions for 30 min. All measurements were performed in triplicate.
Eqn (3) was used to calculate the antioxidant activity:

DPPH inhibition (%) = [1 — (4/4,)] x 100 (3)

where A, is the absorbance of the negative control (DPPH
solution alone) and A is the absorbance of DPPH, incubated
with the hydrogels.

4.6. Cytotoxicity studies

After sterilization under UV-light (1 h at 30 W power) the
hydrogel samples (3 mg each) with different degrees of thiolation
and different concentrations of ChA were put in contact with
1 mL of complete growth medium (DMEM) in a 24-well tissue
culture-treated polystyrene plate, seeded with BJ-5ta cell line
(human foreskin fibroblasts). The mixtures were placed in a
CO, humidified incubator at 37 °C for one or seven days.
Afterwards, the hydrogels were removed and the growth media
withdrawn. Media without hydrogels, where the cell viability
was considered as 100%, served as a negative control.

The previously seeded cells were put into contact with the
withdrawn culture media and incubated for 24 h at 37 °C in a
humidified atmosphere of 5% CO,. The cells were further
investigated for signs of toxicity using an AlamarBlue assay
kit (AlamarBlue, Invitrogen). AlamarBlue was diluted in culture
medium (10% v/v) and added to each well after aspirating the
culture medium containing the samples. After incubation for
4 h at 37 °C, the absorbance of the cell culture was measured at
570 nm, setting 600 nm as a reference wavelength.
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4.7. Antibacterial activity

The Gram-positive S. aureus and the Gram-negative P. aerugi-
nosa were grown on Baird-Parker and Cetrimide agar at 37 °C
for 24 h and their optical density at 600 nm was measured.
The bacterial suspensions were diluted to a concentration of
10° CFU mL . The hydrogel samples (3 mg each) were incubated
with 500 pL of each bacterial suspension for 1 or 24 h at 37 °C
and 450 rpm. Thereafter, different dilutions of the suspensions
(prepared in sterile nutrient broth (NB)) were examined for
24 h growth of S. aureus and P. aeruginosa on Baird-Parker or
Cetrimide agar, respectively. After counting the vital bacterial
colonies, the ability of the hydrogels to reduce the bacterial
growth was calculated, using eqn (4):

log reduction = log;0(B/C) (4)

where B and C are the average number of bacterial colonies
after 24 h incubation without (control sample) and with the
hydrogel, respectively.

4.8. Data analysis

Replicate samples were used in each measurement, and all
values are presented as mean values + the standard deviations
(SD). The results were analyzed using Graph Pad Prism version
7.0c (Graph Pad Software, San Diego, CA, USA). Their statistical
significance was determined using a one-way ANOVA followed
by the Dunnett post hoc test or by the unpaired two-tailed
Student’s ¢-test method. P values <0.05 were considered statis-
tically significant.
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