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Polymeric hydrogels from bacterial cellulose (BC) have been widely used for the development of wound dress-
ings due to its water holding capacity, its high tensile strength and flexibility, its permeability to gases and liquids,
but lacks antibacterial activity. In this work, we have developed novel antimicrobial hydrogels composed of BC
and the antimicrobial poly(3-hydroxy-acetylthioalkanoate-co-3-hydroxyalkanoate) (PHACOS). Hydrogels
based on different PHACOS contents (20 and 50 wt%) were generated and analysed through different techniques
(IR, DSC, TGA, rheology, SEM and EDX) and their bactericidal activity was studied against Staphylococcus aureus.
PHACOS20 (BC 80%-PHACOS 20%) hydrogel shows mechanical and thermal properties in the range of human
skin and anti-staphylococcal activity (kills 1.8 logs) demonstrating a huge potential for wound healing applica-
tions. Furthermore, the cytotoxicity assay using fibroblast cells showed that it keeps cell viability over 85% in
all the cases after seven days.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Some microorganisms naturally produce a huge variety of biopoly-
mers such as polysaccharides, polyesters, and polyamides. These bio-
polymers present a renewable character, intrinsic biocompatibility,
biodegradability and specific features [1], which make them good
candidates for the development of biomaterials. In this work, bacterial
cellulose (BC) and poly(3-hydroxy-acetylthioalkanoate-co-3-
hydroxyalkanoate) biopolymer (PHACOS) were specifically chosen for
the development of gels with antimicrobial properties for wound
healing [2].

BC is a homopolymer produced by some bacterial strains [3] whose
chemical structure is composed of linear chains of 3-1,4-glucan that, in
contrast with plant-derived cellulose, BC is free of lignin and hemicellu-
lose. In addition, the degree of polymerization, is higher in BC [4] which
has also influence on its mechanical properties. It has been
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demonstrated that BC regenerated from ionic liquids (e.g. BMIMCI)
maintains the degree of polymerization, and polydispersity respect to
those of the initial one. However, its morphology is significantly
changed and its microfibrils are fused into a relatively homogeneous
macrostructure. It has been demonstrated that the degree of crystallin-
ity of the cellulose can change during its regeneration and, depending
on the different regeneration conditions, the crystallinity of cellulose
varies from crystalline to amorphous states [5]. Other advantage of BC
is that it is a renovable polymer that can be produced by some bacterial
strains [3].The highly pure 3-D structure of the nanofibers (3-8 nm) is
stabilized by inter- and intra-fibrillar hydrogen bonds providing BC
with unique mechanical characteristics [6]. It has a high tensile strength,
mechanical stability, non-toxicity, high crystallinity, high water-holding
capacity, a remarkable permeability to gases and liquids and a great
compatibility with living tissues [7]. These intrinsic features make BC
an ideal candidate for the preparation of wound dressings, especially
for burn wounds, tissue regeneration and as temporary skin substitutes
[8], as it provides a moist environment, an adequate gaseous exchange
and thermal insulation, it is biocompatible, stable and presents low ad-
herence to the skin [6]. Specifically, for wound healing applications,
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biocompatibility and water holding capacity have been modified in dif-
ferent ways [7]. Moreover, since BC lacks antimicrobial capacity, a very
important property when considering skin burns treatments, most of
the modifications have been driven to prevent microbial infections.
Portela et al. reviewed the marketed BC-based wound dressing products
and the materials used to reinforced BC, such as, among others, poly
(vinyl alcohol) (PVA), that improves the mechanical properties, or chi-
tosan and alginate, that enhance elongation, rehydration, swelling ratios
and water vapour transmission, or silver nanoparticles, that confer anti-
microbial activity [8].

Skin regeneration and wound healing involves several complex bio-
logical processes that attempt to restore the skin barrier function.
Healing processes are specially delayed or impaired in those patients
with underlying disorders that lead to chronic inflammation [9], or
when the injure is infected, being Staphylococcus aureus and
methicillin-resistant Staphylococcus aureus (MRSA) the most common
cause of wound infection [10]. A review published in 2010 estimated
that 150,000 patients were affected annually by MRSA infections in
the European Union (EU), resulting in additional hospital attributable
costs of EUR 380 million for EU healthcare systems [11]. Wound healing
will be favoured if re-epithelization, connective tissue fibre regenera-
tion and angiogenesis are promoted and infection is prevented [12].

Other bacterial biopolymer of biomedical interest are the poly-
hydroxyalkanoates (PHA) [13]. PHAs are hydrophobic polyesters of 3-
hydroxyalkanoic acids stored as inclusions in the bacterial cytoplasm
under nutrient limitations [14]. The side chain varies in length and com-
position, and depending on its length, PHA are classified as short chain
length (scl) and medium chain length (mcl). Mcl-PHA can be tailored
to the needs of specific applications by metabolic engineering and feed-
ing specific bacterial species with structurally related carbon sources
that are processed through the (3-oxidation pathway [15]. PHACOS is a
functionalized mcl-PHA produced in Pseudomonas putida [16]. This
polymer contains monomers with thioester groups in the side chain
that confer antibacterial activity to PHACOS specifically against S. aureus
isolates including MRSA. PHACOS cellular toxicity in terms of viability
and metabolic functions of mammalian cells were deeply studied by
Dinjaski et al. Inflammatory activity was also analysed in vitro and
in vivo by PHACOS implantation subcutaneously in mice. The results in-
dicated minimal inflammation associated with this polymer [17].

Bactericidal hydrogels based on the combination of BC and mcl-PHA
have not been reported so far. In this work, two biopolymers, BC and
PHACOS were specifically chosen for the development of gels with anti-
microbial properties for potential application in wound healing [2]. The
good antimicrobial activity of PHACOS remained in the blend of these
two biopolymers obtained from renewable sources. One of the main
challenges of the present work was the dissolution of the BC and the in-
compatibility of both polymers, which was solved using ionic liquid as
direct solvent. BC/PHACOS hydrogels with different proportions of the
antimicrobial agent (20 and 50 wt%) were prepared, and the influence
of PHACOS content on the structural features, morphology, and thermal
and mechanical properties were deeply studied. Results were compared
and discussed with non-bactericidal hydrogels based on BC and mcl-
PHA containing 3-hydroxyoctanoic acid as major monomer (PHO)
which were prepared under the same experimental conditions. Finally,
the antimicrobial activity of the BC/PHACOS hydrogels was evaluated
in vitro using S. aureus and their cytotoxicity assessed using fibroblasts
of human embryonic skin.

2. Experimental
2.1. Materials

Poly(3-hydroxyoctanoate-co-3-hexanoate) copolymer with 5% of
poly(3-hydroxyhexanoate) (hereafter called PHO), was a product

from Bioplastech (Ltd Ireland). PHACOS was a bacterial functionalized
polyester obtained from ADM-Biopolis, which monomer content was

40% of non-functionalized monomers (3-hydroxyoctanoate, 3-
hydroxydecanoate, and 3-hydroxyhexanoate monomers) and 60% of
functionalized monomers (3-hydroxy-6-acetylthiohexanoate and 3-
hydroxy-4-acetylthiobutanoate monomers). BC pellicles were pro-
duced in static culture using the bacterial strain Komagataeibacter
medellinensis 1D13488 as previously described [18]. 1-Butyl-3-
methylimidazolium chloride (BMIMCI) was purchased from Sigma-
Aldrich and abcr GmbH.

2.2. Preparation of samples

Hydrogels were prepared by combination of different ratios of BC
and PHACOS using a 1 wt/v-% of the total polymer concentration. The
solubilization of the polymers was carried out following a protocol de-
scribed by Hameed and col. [19] for plant cellulose and poly(3-
hydroxybutyrate) (PHB) with the following modifications: To dissolve
the BC, 235 mg of BC were mixed with 25 mL of BMIMCI (melted by
heating at 70 °C), heated and stirred at 100 °C for 16 h to get a complete
and homogeneous solution. To obtain a solution of PHACOS, about
235 mg were dispersed into 25 mL of BMIMCI. Both BC and PHACOS so-
lutions were mixed in the desired proportions and stirred at 100 °C for
another 16 h. The mixtures were poured into teflon moulds and coagu-
lated in deionized water. The BMIMIC was removed by dialysis against
water for 72 h. The dialysis time was established after verifying that
the ionic liquid was completely removed from the sample using spec-
troscopic techniques. Finally, samples were frozen and lyophilized.
Hydrogels of BC with PHO were obtained using the same methodology
and tested as control as non-bactericidal hydrogels. Hydrogel samples
with BC/PHACOS or BC/PHO 80/20 and 50/50 wt% ratios were obtained
which were named as PHAC0S20, PHO20, PHACOS50 and PHO50, re-
spectively. BC was dissolved separately in the BMIMCI (melted by
heating at 70 °C), heated and stirred at 100 °C for 48 h mimicking the
hydrogels preparation conditions. Then, BC was subsequently regener-
ated in deionized water giving the product named as rBC
(regenerated BC).

2.3. Characterization

2.3.1. ATR-FTIR analysis

Attenuated total internal reflectance Fourier transform infrared
(ATR-FTIR) characterization of the hydrogels was carried out in a
Perkin-Elmer (Spectrum One) spectrometer equipped with a ATR ac-
cessory. Spectra were recorded in the range from 4000 to 400 cm ™!

by 32 scans and with a resolution of 4 cm™".

2.3.2. Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) of the hydrogels was performed
on TGA Q500 (TA Instruments) thermogravimetric analyser, under dy-
namic nitrogen at a heating rate of 10 °C/min working in a range of
25-600 °C. Approximately, 10 mg of each dried hydrogel were weighed
and the weight loss was recorded over temperature. The extrapolated
onset temperature (Tonser), that denotes the temperature at which the
weight loss starts, and temperature at peak maximum (Tax) in the
DTG curve, that shows the maximum decomposition rate of a compo-
nent of the material, were measured.

2.3.3. Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was performed using a
DSC8500 Perkin Elmer calorimeter. 5-10 mg of each dried sample
were sealed in the pan and cooled to —70 °C at 20 °C/min, held for
5 min, and heated to 150 °C at 20 °C/min, and held at that temperature
for 2 min to remove the thermal history. Then, the samples were cooled
to —70 °C at 20 °C/min, held for 5 min and, finally, heated to 150 °C at
20 °C/min (second scan). As reference, an empty pan was employed.
DSC was used to determine the glass transition temperature (Tg) values
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which were taken as the midpoint of transition in the second scan of
DSC thermograms.

2.3.4. Mechanical tests

The tensile behaviour of the hydrogels was analysed using a stress-
controlled oscillatory rheometer ARG2 TA Instruments using parallel
plate geometry. Hydrogels samples were measured using a cross
hatched steel parallel plate (20 mm of diameter). The viscoelastic prop-
erties of the hydrogels were analysed examining their storage (G')
(elastic behaviour) and loss (G”) (viscous behaviour) moduli obtained
in the dynamic mechanical analysis (stress-strain tests).

Strain sweeps were performed between 0.01 and 1000% strain, set-
ting the normal force at 0.05 N with a frequency of 0.5 Hz. Frequency
sweeps were done at 0.2% strain, 0.05 N normal force, from 0.1 to
100 Hz.

All hydrogels (80/20 and 50/50 BC/PHACOS and BC/PHO) were
tested swollen in distilled water at 37 °C, using a rBC as control.

2.3.5. Scanning electron microscopy (SEM) and Energy dispersive
spectroscopy (EDS)

The morphology of the freeze-dried hydrogels was examined by
scanning electron microscopy (SEM) using a Hitachi SUS000 Field Emis-
sion Scanning Electron Microscope (FE-SEM) (Hitachi High-
Technologies Corporation, Tokyo, Japan) with an accelerating voltage
of 1 keV. Previous to the analysis, all samples were sputter-coated
with gold (Polaron SC7640, Quorum Technologies Ltd., England). The el-
emental composition was determined by energy dispersive spectros-
copy (EDS; Quantax 200, Bruker) coupled to SEM and data was
processed and reported using the tools offered by ESPRIT software
(Bruker, Germany).

2.3.6. Swelling studies

The swelling behaviour of hydrogels was studied in distilled water at
room temperature (25 °C) and at different times. Firstly, the dried sam-
ples were weighed and, next, immersed in 10 mL of distilled water at
room temperature. Then, the samples were taken from the solution at
different time periods, wiped carefully with a filter paper and weighed.
All the sample weights were taken in triplicate. The results are shown as
percentage of swelling (%S) and calculated by the formula:

W —Wy)

%S:( W x 100
d

where Wy is the initial weight of the dried sample and W, is the weight
of the swollen sample at time t.

2.4. Antimicrobial assay

We design a new antimicrobial assay based on the JIS L 1902:2008-
Absorption method [20] for testing the antimicrobial capacity of the bio-
materials. It considers the microorganisms included in the matrix of the
hydrogels and consists in the enzymatic depolymerisation of the mate-
rial for releasing the bacterial cells just before the survival analysis.

S. aureus CECT 86 was grown in NB medium (Nutrient Broth
Difcto™). Isolated bacterial colonies were subsequently inoculated
into liquid NB medium and cultured at 37 °C under shaking conditions
for 16 h. Bacterial concentration was estimated by optical density at
600 nm wavelength (ODggp), using a spectrophotometer (Ultrospec 10
cell density meter; Amersham Biosciencies). Cells in stationary growth
phase were collected by centrifugation (20 min, 2906 xg, 4 °C) and di-
luted to a final ODggg of 1, in 1/500 diluted NB medium (dilution of
the NB with sterilized water to a 500-fold volume). These conditions
allow bacterial survival, but avoid cell proliferation during the assay.

BC-based hydrogels (rBC, PHACOS20, PHACOS50, PHO20, PHO50)
were cut in slices (0.9 cm?) and sterilized by UV light for 15 min on
each side, in a GelDoc™ Molecular Imager® (BioRad). These sterilized

hydrogel slices were introduced into the wells of a 24 well-plate
(Nunclon, Thermo-Scientific), and covered with 200 pL of the latter
cell suspension in 1/500 NB, with a final estimated concentration per
well of 1 x 10® CFUs. Cell suspensions in the absence of contact material
were used as bacterial growth controls (t0 and t24 S. aureus samples).
Growth control at tO was plated in agar-LB plates and total viable cells
were counted after 16 h of incubation at 37 °C. The 24 well-plate with
the samples was incubated for 24 h at 37 °C and saturated atmosphere
(>90%).

To release absorbed cells inside the hydrogel, a mix of two enzymes
was used. Commercially available cellulase (C2730, Sigma-Aldrich); and
the mcl-PHA depolymerase (PhaZ), from Streptomyces exfoliatus K10
DSMZ 41693 PhaZsex,. The number 2 means that the strain S. exfoliatus
K10 has two depolymerases: # 1 is PHB depolymerase and # 2, which is
the mcl-PHA depolymerase used in this work, produced in Rodococcus
sp. T104 (pENVO) and purified as described previously [21]. An enzy-
matic mix solution (DepolMS) was formulated for total depolymeriza-
tion and solubilization of the hydrogels. Optimal conditions for
DepolMS resulted to be 35 pg of cellulase to 1 pg of PhaZseyo, in a final
volume of 500 pL Tris-HCI pH 6.0 and 1 h 30 min incubation time at
30 °C with soft shaking. Although these are not the optimal conditions
for the enzymatic catalyst, they were established to maintain cell sur-
vival while materials were hydrolysed.

DepolMS was added to the wells containing the hydrogels and to a
cell suspension without any in-contact material as control. Subse-
quently, the resulting suspensions were recovered and plated in agar-
LB plates and total viable cells were counted after 16 h of incubation
at 37 °C. The reported data were the averages of 3-5 independent sam-
ples performed in duplicates.

A schematic representation of the antimicrobial test is displayed in
Fig. S1.

2.5. Cytotoxicity

Cytotoxicity was assessed using fibroblasts of human embryonic
skin (HFB, Innoprot). The culture medium was Dulbecco's modified
Eagle's medium with HEPES enriched with 4500 mg/L of glucose
(DMEM, Sigma) and supplemented with 10% FBS, 200 mM L-glutamine,
100 pg/mL penicillin and 100 pg/mL streptomycin (complete medium).
Thermanox® (TMX) discs were used as negative control.

Following the ISO 10993-5 standard Indirect, cytotoxicity of
hydrogels was analysed using Alamar Blue assay (AB, Biorad), [22].
This assay measured the response of cells to hydrogel extracts collected
at different times. Briefly, sterilized hydrogels were set in 5 mL of FBS-
free supplemented DMEM at 37 °C. Aliquots of medium extracts were
taken at 4 h, 1, 4 and 7 days under sterile conditions. Fibroblasts were
seeded at a density of 90,000 cells/mL in complete medium in a 96-
well culture plate. After 24 h of incubation, the medium was replaced
with the corresponding extract and further incubated for 24 h. After-
wards, extracts were replaced with 100 pL of AB dye (10% AB solution
in phenol red free DMEM medium) and plates were incubated at
37 °C for 3 h in the dark. Finally, absorbance was monitored at 570 nm
and 600 nm using a microplate reader (Biotek Synergy HT). Medium
without hydrogel extracts was used as control. Results were normalized
to the control (TMX) and given as mean + SD (n = 16).

2.6. Statistical analysis

All data from antimicrobial assay and cytotoxicity are presented as
mean =+ SD. One-way ANOVA was used to determine the significant dif-
ference at which statistical significance was reported when the p-value
was less than 0.05. Statistical analysis was performed using GraphPad
InStat version 7.0 (GraphPad software, San Diego, CA).
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3. Results and discussion
3.1. Preparation of samples

lonic liquids have been widely used during the last decade in the
preparation of materials for different biomedical applications [23].
They are used to dissolve and functionalize, for example, simple sugars,
cyclodextrins, cellulose and polysaccharides, such as starch, chitin/chi-
tosan, xylan, etc., or proteins, like silk [24,25]. The toxicity of this type
of solvents has been questioned and a debate on their use on biomate-
rials science was open [26]. In recent years alternative new non-toxic
and biodegradable bio-ionic liquids are being developed [27,28]. Tradi-
tional ionic liquids are also used on the preparation of biomaterials as
long as the purification of the final product ensures the complete re-
moval of the solvent [23,29-31].

In this work, BC and PHA blends were obtained by the dissolution of
the polymers in BMIMCI and coagulation of the mixture in water.
BMIMCI was used due to its ability to dissolve polymers of very different
hydrophilicity (i.e., hydrophilic BC and hydrophobic PHACOS) and to
disrupt intra- and intermolecular bonds of BC. [2,19,32-34]. Its high
chloride concentration is highly effective in breaking the extensive net-
work of hydrogen bonds, allowing the dissolution of higher concentra-
tions of BC than other traditional systems, including non-derivatizing
(organic liquid/inorganic salt, like N,N-dimethylacetamide/LiCl; or or-
ganic liquid/amine/SO,, such as dimethylsulfoxide/trimethylamine/
SO,; or ammonia/ammonium salt; or aqueous bases, like 10% NaOH)
and derivatizing  solvents (CF3COOH, HCOOH,  N,N-
dimethylformamide/N,0,4) [35-37]. Dissolved BC in BMIMCI instantly
coagulates in the presence of anti-solvents, such as water, methanol,
ethanol, acetone, dichloromethane, acetonitrile, or mixtures of them
[38]. Usually, higher degree of crystallinity is obtained when the BC is
coagulated in deionized water, resulting in higher strength of the regen-
erated matrix [32]. Thus, application of this methodology allowed the
preparation of bacterial biopolymers-based hydrogels containing the
PHACOS polyhydroxyalkanoate. Purification of the systems was con-
firmed by ATR-FTIR spectroscopy. Fig. S2 shows the ATR-FTIR spectra
for both PHA containing hydrogels along with that of ionic liquid. It
can be clearly observed that the signals of BMIMCI at 3090 cm ™!,
assigned to -C-H stretching band of the —-CH, and —-CH3 stretching vi-
brations of the alkyl groups located at the nitrogen atoms of the
imidazolium ring, and the bands at 1560 and 1466 cm ™!, that corre-
sponds to the skeleton vibrations of the imidazole ring, disappeared in
the spectra of all hydrogels [39]. Hydrogels of BC/PHACOS and BC/PHO
blends with compositions 100/0, 80/20 and 50/50 (wt/wt) were ob-
tained and thoroughly characterized as described in the following
sections.

3.2. Structural characterization

FTIR was applied for the identification of BC polymorphs in cellu-
loses of different origin. Nelson and O'Connor identified two forms of
the cellulose (I and II) with specific infrared spectral bands depending
on the contribution of the polymorphs of crystalline cellulose [40].
More recently, it was reported two forms of cellulose I (It and IB) in
BC produced by the bacteria Komagataeibacter medellinensis by FTIR
[41-45]. Cellulose II was also identified in the BC produced by
Acetobacter xylinum [46] that is able to produce the two forms of cellu-
lose, cellulose I and cellulose II.

FTIR was applied for the characterization of the Komagataeibacter
medellinensis ID13488 cellulose [45]. Moreover, the effect of the treat-
ment with ionic liquids on the cellulose structure was also studied.
Table 1 summarizes the assignment of most important ATR-FTIR
peaks of BC and rBC samples whose spectra are shown in Fig. 1.

The bands at 1427, 1281, 1205, 1157, 897, 745 and 708 cm ™! were
attributed to cellulose I. The peak at 1427 cm™! is normally reported

Table 1
Assignments of ATR-FTIR bands of K. medellinensis BC; abbreviations: v: stretching; B: in-
plane bending; ®: wagging; as: asymmetric; s: symmetric.

Frequency (cm™') Assignment Cellulose I Cellulose II
3341 v(OH) v v
2901 v(CH) v v
1642 OH of water absorbed from cellulose v v
1466 B(OH) v v
1427 Ps(CHz) v

1335 3(OH) v
1315 ®(CH,) v
1281 > (CHy) v

1205 3(OH) v

1162 V,5(COC) v
1056 1(CO) v v
1031 1(CO) v v
897 Group C1 frequency v

745 loe

708 B

at 1420 for cellulose II, but moves to higher wavenumbers depending
on the content of cellulose I.

Bands assigned to cellulose Il were also identified in the
Komagataeibacter medellinensis ID13488 BC. The high intensity bands
at 1335 and 1315 cm ™! and the peak at 1162 cm ™, that correspond
to the C-O-C asymmetric stretching, are characteristics of cellulose II.

The peaks at 1056 cm™! and 1031 cm ™! are associated to the C—O
stretching and common to both polymorphs. These peaks are ascribed
to the glycosidic C—H deformation with ring vibration contribution
and O—H bending, which is typical from B-glycosidic linkages between
cellulose in glucose.

The peaks at 745 and 708 cm ™! indicated the presence of both
allomorphs (I and IB), respectively [41,42].

BC and rBC ATR-FTIR spectra were rather similar however, the rBC
peaks were smoother. The main differences were observed in peaks at
1427, 1335, 1315, 1157, 1059, 1035 and 897 cm~!. The peak at
1427 cm™ ! of BC was less defined in the rBC spectrum, indicating an in-
crease in amorphous cellulose. The bands of BC at 1335 and 1315 cm ™',
were not observed in the rBC spectrum in which only one peak ap-
peared at 1318 cm ™!, that indicates again the presence of amorphous
cellulose. The band assigned to the C-O-C asymmetric stretching
moved from 1162 cm ™! to 1157 cm ™! and the two peaks at 1059 and
1035 cm™! of the BC, which are associated to the C—O stretching,

0
<
~
8 3
ks g =
E
(72}
C
o
'_
°
9]
N
g Cellulose | 2
S Cellulose Il -
> -
~
)
)
rBC § g
4 T * I‘_ * T
2000 1500 1000 500

wavenumber (cm™)

Fig. 1. ATR-FTIR bands of BC and rBC produced by Komagataeibacter medellinensis ID13488.
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moved to a unique band at 1017 cm™! in the case of the rBC. Moreover,
the band at 897 cm ™! is higher in the case of rBC, which is associated
with cellulose 1. These changes corroborate that the treatment with
the ionic liquid affects the crystallinity of the cellulose, as described pre-
viously [44], observing a higher contribution of cellulose I and amor-
phous cellulose in rBC.

Analysing the PHACOS hydrogels ATR-FTIR spectra (Fig. 2a), two
peaks were observed for the carbonyl groups, one at 1734 and the
other at 1691 cm ™. The peak at 1734 cm™"! can be assigned to the car-
bonyl of the ester group (Fig. S3), and the band at 1691 cm~! can be at-
tributed to the thioester group. In both compositions a displacement to
higher wavenumbers of these bands was observed with PHACOS con-
tent (1738 and 1693 cm~! for PHACOS50, and at 1741 and
1694 cm™! for PHACO0S20), indicating that both carbonyl groups
forms hydrogen bonds with BC in the hydrogels. In Fig. 2b, a schematic
representation of the hydrogen interactions between BC and PHACOS is
shown as previously reported by Hammed et al. for blends of cellulose
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [19].

Accordingly, in the FTIR spectra of non-bactericidal PHO hydrogels
(Fig. S3) the carbonyl band at 1726 cm ™! moved to higher wavenumber
in the spectra of PHO20 and PHO50 (1738 cm™ ! and 1739 cm ™}, respec-
tively) respect to PHO, due to intermolecular hydrogen bonding

[0}
(5]
=
s
€
[72]
[ =
o
=
el
[0}
N
T
£
o
p4
——rBC
- PHACOS20
—— PHACOS50
PHACOS
T T T
2000 1500 1000 500
wavenumber (cm™)
OH iH i M Y
o : 0 o
H H H
*\ /C\)}\ /C\'%\)J\ /C\)k/}
of \ g of \ig of N\~ ™o
CH, 2 CH, ° CH,'2
/ A /
HZCX(\ HZC\ L s
CH, CH,: >:o
/T
HsC S HsC
- o
L o _

Fig. 2. a) ATR-FTIR bands of rBC, biopolymer PHACOS and BC/PHACOS blends of different
composition. b) Possible hydrogen bonding interaction between BC and PHACOS.

between cellulose and PHO [19]. The intensity of this band also in-
creased as a function of PHO content.

Elemental analysis of PHACOS hydrogels was obtained by EDS and
spectra of PHACOS20 and PHACOS50 are shown in Fig. S3. In both spec-
tra, a peak at 2.15 keV corresponding to sulphur was shown that in-
creased with PHACOS content. The absence of the band due to
chlorine confirmed the proper elimination of the ionic liquid. The ele-
ments composition was 54.19 wt% of C, 44.11 wt% of O and 1.71 wt%
of S in the case of PHACOS50, and 49.79 wt% of C, 49.95 wt% of O and
0.26 wt% of S for PHACOS20. These results confirmed the purification
of the samples and corroborated the incorporation and entrapment of
PHACOS within both hydrogel compositions.

3.3. Morphology

The morphology of lyophilized hydrogels was examined using SEM.
Firstly, the surfaces of BC and the rBC were analysed and compared
(Fig. 3a and b). As described previously [34,42,44], SEM micrographs
of BC showed fibers of 50 nm diameter. However, this morphology sig-
nificantly changed when analysing rBC; 50 nm fibers were still ob-
served, but most of them were fused [19].

SEM micrographs of the PHA hydrogels blends showed characteris-
tic phase separation structure of granules homogeneously dispersed in
a porous BC matrix. The amount of granules increased as a function of
PHA concentration. Surfaces with low content of PHA (20%) presented
spherical beadlike microphase whereas those with higher PHA contents
(50%) reflected smaller microdomains which appeared fused or very
close to one others. Previous studies on blends of cellulose and PHBV re-
ported similar findings [19]; the authors also observed that when PHBV
was dissolved alone in BMIMCI it regenerated into a beadlike structure
in the coagulation process. Accordingly, in our work, BC and PHAs
were both completely dissolved in the ionic liquid forming a homoge-
neous solution in which the intermolecular hydrogen bonds of BC are
broken and in turn, new hydrogen interactions between the polysac-
charide and the corresponding PHA are formed as observed in the
FTIR spectra of the lyophilized PHACOS hydrogels. Then, it can be as-
sumed that phase separation takes place during the coagulation process
in water and the microdomains are due to the corresponding PHA pres-
ent in the formulation. These microdomains will participate in the hy-
drogen bonds with the hydroxyl groups of BC previously formed in
the mixing solution. These type of interactions do not ensure a robust
crosslinking, fact that is beneficial for the antimicrobial action of
PHACOS. The exposure and availability of the PHACOS granules on the
surface will favour the contact of the polyhydroxyalkanoate with bacte-
ria wall, factor that is crucial to guarantee the antimicrobial activity of
the system specially in infected wound healing.

Another relevant issue in tissue regeneration is porosity. Likewise,
porosity of a hydrogel scaffold is very important for application in
wound healing processes since it is associated with transport of nutri-
ents and small molecules, and communication with biological moieties
[47]. In this work, porosity of hydrogels showed an inhomogeneous
pore distribution throughout the surface and it somewhat depended
on PHA content. The influence of porosity of BC hydrogels on cell prolif-
eration has been deeply investigated. Some studies supported that the
inhomogeneous distribution of pores in the range 20-100 nm is not
an advantage for cell proliferation. However, other recent papers re-
ported a better performance of BC in wound dressing when the system
was applied by its porous side compared to the more compact side [7].
In this context, some studies have been focused to optimizing the mi-
croporosity of bacterial cellulose scaffold using different kinds of
porogens [48]. In our case, porosity of developed hydrogels was ob-
tained by lyophilisation applying a conventional cycle. However, if
needed, porosity could be adjusted by applying different freezing cycles
[49]. Taking in overall the features of the PHACOS hydrogels, on the one
side, porous bacterial cellulose will allow transport functions and on the
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Fig. 3. SEM images (SU8000 3 kV) of a) BC; b) rBC; ¢) PHO20; d) PHO50; e) PHACOS20; and f) PHACOS50 samples.

other side, the distribution of the PHACOS beads over the surface matrix
will promote antimicrobial action of the polyhydroxyalkanoate.

3.4. Thermal properties

Changes in heat capacity of hydrogels were obtained from their DSC
thermograms which are displayed in Fig. S5. Thermograms showed the
amorphous character of the blend hydrogels. Apparent glass transition
was only detected for the PHA hydrogels containing 50 wt% of polyester.
This can be an indication of the partial miscibility of the BC/PHA blends
at lower content of the respective polyhydroxyalkanoate. Table 2 sum-
marizes the obtained glass transition temperature values (Tg) of the
blends containing 50% PHA. The T, values were lower than those of

initial PHAs, respectively. No crystallinity of the PHA was observed in
any thermogram.

Thermal stability was analysed by thermogravimetry and main ther-
mogravimetric parameters are summarized in Table 3. This technique is

Table 2

Summary of the T, data of PHA hydrogels and initial

PHA.
Sample Ty (°C)
PHACOS —30.43
PHACOS50 —38.11
PHO —36.75
PHO50 —42.19
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Table 3
TGA and DTG results of the PHA hydrogels and control samples.
T onset (°C) T max1 (°C) T maxz (°C)

BC 303 - 355
rBC 309 - 337
PHACOS 277 287 -
PHO 256 285 -
PHACO0S20 269 288 325
PHACOS50 262 281 326
PHO20 261 280 342
PHO50 270 286 342

commonly used in the characterization of polymeric systems since it
provides useful information on the intrinsic structure of the system.
Thermal stability of rBC decreased if compared with native BC, as
shown in Table 3. That is, Tyhax Value decreased after the treatment
with BMIMCI which can be attributed to a decrease in polymorph II
and an increase in amorphous cellulose [34,44].

Thermal degradation of all hydrogel blends, underwent in two steps,
presenting two maximum temperature (Ty,x) values in the DTG curves.
The first weight loss was attributed to the PHAs thermal degradation
whereas the second one was ascribed to the rBC pyrolysis. This degrada-
tion pattern indicates the not formation of interpolymeric matrix, it cor-
relates with the segregation of the corresponding PHA within the
cellulose matrix as observed in SEM examination and it is coherent
with the amorphous state of the PHA within the hydrogels observed
in DSC study.

On the other hand, since the proposed hydrogel system is intended
to be used as a biomaterial for wound healing which is carried out at
physiological temperature 37 °C, it can be said that the polymeric
hydrogels will be thermally stable at that temperature.

3.5. Mechanical performance

Mimicking the mechanical properties of the skin is necessary in
order to obtain a suitable hydrogel that do not damage the edges of
the ulcer to be treated. Therefore, the mechanical properties of the
new hydrogel must be adjusted in the same range as those of the skin
to ensure better compatibility.

Viscoelastic properties of hydrogels swollen in water was carried out
by means of rheological measurements.

The linear viscoelastic range (LVR) was determined between 0.01
and 5% strain (Fig. 4a); in this range the viscoelastic properties of all
hydrogels were independent of the imposed strain levels but the
PHACOS20 and PHO20 presented broader LVR. For strains values
lower than 5%, G' was over G" in all hydrogels, which indicates that
the samples have a gel-like structure. At strain levels higher that 10%
the value of G' exceeds G", indicating that hydrogel structure was bro-
ken at that point.

rBC provided the highest storage modulus value, followed by
PHACOS20 and PHO20 samples and the PHACOS50 and PHO50 gave
the lowest. Therefore, adding polyesters to the bacterial cellulose pro-
duced a reduction in the storage modulus that can be attributed to the
formation of new hydrogen interactions between both types of biopoly-
mers, decreasing the intrinsic hydrogen bonds interactions of BC [50].

The frequency sweeps results revealed the dependence of the three
dimensional structure of the hydrogels on the angular frequency (®) as
itis shown in Fig. 4b and Table 4. In the Fig. 4b it can also be appreciated
that at high angular frequency values, between 100 and 300 rad/s, the
structure of the hydrogels is not stable [51-53].

The highest G' value corresponds to the PHACOS20 hydrogel,
followed by PHO50. The lowest values of G' were registered for
PHACOS50 and PHO20. That is, PHACOS20 and PHO50 have a similar be-
haviour. Thus, in the case of the PHO, a 50 wt% of this polymer is neces-
sary for getting a stable structure, but in the case of the PHACOS, only a
20% of the polymer is required. Analysing the structure of both PHAs,
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Fig. 4. a) Variation of storage modulus of hydrogels applying strain sweeps, and
b) frequency sweeps.

PHACOS contains thioester groups at the end of the side chain that con-
tribute to the formation of hydrogen bonds to stabilize the framework
structure. However, as this type of carbonyl groups does not exist in
PHO, higher amount of this polymer is needed to obtain a comparable
storage modulus.

There is a wide range of elastic (G') and viscous (G") moduli re-
ported in literature through different measurements (torsional, uni- or
bi-axial). Holt et al. measured the viscoelastic response of whole
human skin and dermis-only subjected to low-magnitude shear loads
over a range of physiological frequencies (0.628 to 75.39 rad/s), similar
to our conditions. They found that G' in whole skin increased over this
frequency range from 325.0 £+ 93.7 Pa to 1227.9 + 498.8 Pa and
dermis-only showed a similar trend with mean G' values increasing
from 434.9 + 122.1 to 6620.0 4 849.5 Pa. Taking into consideration
this work and analysing results of Fig. 4b and Table 4, our data show
an increase of G' with © less marked than that reported by Holt, how-
ever, G' values still lie in the range of those reported by skin and
dermis-only samples [54], making these materials promising for the de-
velopment of new wound dressings with antibacterial properties.

Table 4
Values of storage modulus (G') at three representative physiological angular frequencies.
G' (Pa)
0.628 rad/s 0.99 (rad/s) 79.10 (rad/s)
rBC 1061.5 + 77.1 1090.5 + 79.9 1688.5 + 53.0
PHO20 867.4 + 36.1 908.0 + 39.9 1427.7 £+ 411
PHO50 1571.0 + 46.5 1663.7 + 49.9 2689.3 + 93.41
PHACOS20 1682.7 + 80.2 1793.5 + 100.2 3006.3 + 396.91
PHACOS50 1056.0 + 129.7 1111.6 + 145.6 1694.5 + 242.61
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3.6. Swelling studies

The swelling capacity of a hydrogel is a critical and effective param-
eter for wound infection control because during the healing process fast
and large water uptake capacity is needed to absorb exudates. In this
sense, BC and its composites have been widely used in wound healing
applications due to their high capability of water absorption.

Fig. 5 shows the water absorption capacity of each hydrogel devel-
oped in this work. It was observed that the swelling ability increased
with time, first quickly and then gradually, reaching a constant swelling.

As it has been reported, BC has a strong swelling capacity in water
due to the formation of multiple hydrogen bonds predominantly with
the accessible hydroxyls groups in the amorphous regions of the poly-
saccharide [55]. The dissolution of BC in ionic liquid and subsequent re-
generation to obtain rBC reduces significantly the crystallinity of the
original material (as explained in Subsection 3.2), being the amorphous
regions more accessible to water and leading to a higher swelling ratio.

PHACOS20 and PHO50 showed rather similar and remarkably high
swelling potential compared to rBC alone. It could be ascribed to the
presence of hydrophilic groups (-OH, -COO-, -SCOCsH) that facilitates
hydrogen bonding formation and favours water absorption. A similar
parallelism between samples of these compositions was previously ob-
served in their mechanical behaviour. PHACOS20 included 20% of PHA
while PHO50 included 50%. PHACOS presents thioester groups at the
end of the side chain that contribute to the formation of hydrogen
bonds that further stabilize the structure if compared with PHO that
needed to be included in higher concentration to achieve similar results.

In contrast, PHACOS50 resulted in the lowest water content, and it
could be due to the formation of a more rigid hydrogel structure and
the presence of a high amount of PHACOS granules at the surface (see
Fig. 3) that hinders water absorption. Therefore, the amount of
PHACOS present in the hydrogel is crucial to control the swelling ratio.

3.7. Antimicrobial activity

An effective wound dressing should ensure drainage and epithelial
growth. During the wound healing process, dead tissue covers the
wound and serves as a medium for bacterial growth, reduces the host's
resistance to infection, delays the formation of granulation tissue and
the re-epithelialization [56]. In this sense, the main goal of the present
work was the development of novel bactericidal BC hydrogels that in-
corporate the polyhydroxyalkanoate PHACOS which has antimicrobial
properties against S. aureus.

3500

rBC —— PHACOS20 —— PHACOS50
PHO20

—— PHO50

3000

2500

2000

Swelling (%)

1500

time (h)

Fig. 5. Swelling profiles of hydrogels at different time periods.

The minimal inhibitory concentration (MIC) and the antimicrobial
capacity of PHACOS has been reported in our previous articles [17,57].
We demonstrated the PHACOS antibacterial activity according to the
SO 22196:2011 for measurement the antibacterial activity on the plas-
tic surface. We also calculated the MIC for the soluble oligomers and
monomers released for the enzymatic hydrolysis of PHACOS and PHO
as control, resulting in a much lower value for PHACOS (40 uM) than
that of PHO (3 mM) [57]. In addition, the specificity of PHACOS against
S. aureus strains, including MRSA clinical isolates, was fully demon-
strated when compared to PHO in antimicrobial assays against a panel
of 7 Gram-positive strains and 2 Gram-negative strains (including
E. coli) [17].

The bactericidal behaviour of all prepared hydrogels in this work
was analysed consequently against S. aureus.

Due to the great variety of antimicrobial applications, several stan-
dard methods to assess their efficiency have been developed. The
most important standard antimicrobial methods for antibacterial
hydrogels includes both qualitative (i.e. AATCC 147:2004, ISO
20645:2004) and quantitative (i.e. AATCC 100:2004, JIS L 1902:2008-
Absorption method) methods. However, there is no consensus on the
most adequate method to be used, and it is difficult to compare the
data among them. BC-based hydrogels are porous materials with high
water content. Taking into consideration that bacteria can colonize the
whole structure, in this work the bactericidal assay was performed by
applying a tailored methodology based on JIS L 1902:2008-Absorption
method but suitable to assess the total bacterial load, including that
absorbed or adhered inside the hydrogel in each tested condition. This
method is based on the enzymatic hydrolysis of the biological polymers
BC, PHACOS and PHO (for details see M&M 2.4, Fig. S1).

The bactericidal activity results against S. aureus is shown as the log-
arithmic difference between the number of bacteria in a control cell sus-
pension (S. aureus t24) and each hydrogel-treated sample. Control
shows that the viability of S. aureus was not significantly reduced due
to incubation time and growth conditions, or when exposed to cellulase
and PHA depolymerase (DepolMS) (Fig. 6a). Neither regenerated cellu-
lose, nor hydrogels of BC-PHO, PHO20 and PHO50 displayed antibacte-
rial activity, conversely to hydrogels containing PHACOS (Fig. 6a).
PHACO0S20 resulted in a cell viability decrease from 10® to 1.6 x 106, a
1.8 logarithmic unit reduction, and PHACOS50 decreased CFU from
108 t0 1.6 x 10°, a 2.8 logarithmic unit reduction, similarly to the antimi-
crobial activity reported in the literature for other hydrogels [58].These
results show that the antibacterial behaviour of these BC-based
hydrogels is due exclusively to the PHACOS component. Taking into ac-
count that direct contact is needed for the antibacterial activity,
hydrogels may enhance bactericidal activity of PHACOS. It is important
to notice that the specificity of PHACOS against S. aureus, far from
being a drawback, restricted antibacterial activity over these important
skin infecting bacteria. This is, in fact, considered an advantage, as it
would leave unharmed commensal bacteria from the skin. S. aureus is
a mayor skin pathogen. It is the main cause of impetigo, which accounts
for 50-60% of all bacterial skin infections, and is also the main cause of
cellulitis and folliculitis (skin infections). Moreover, PHACOS is active
against MRSA [17] that may be responsible for up to 60% of skin infec-
tions seen in US emergency departments, reasons why we have
targeted this microorganism. Our work also paves the way for further
developments to design synergetic effective hydrogels containing for
instance metal nanoparticles, biological extracts or antibiotics specific
for other relevant skin infective bacteria (i.e. Pseudomonas aeruginosa).

Different strategies have been traditionally applied for conferring
antimicrobial activity to hydrogels for wound healing [8]. The most con-
ventional consists of loading antibiotics into the hydrogel as delivery
system. Antibiotic treatment is one of the main approaches of modern
medicine which is used to combat infections [60]. However, the emer-
gence, spread, and persistence of multidrug-resistant (MDR) bacteria
such as MRSA, advise against the misuse of antibiotics and raise de-
mands for safe and efficacious agents that were less prone to
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Fig. 6. Antimicrobial activity of the blended hydrogels. a) Logarithmic reduction of bacteria count for the suspension incubated with each hydrogel, regarding a cell suspension of S. aureus
control. DepolMS refers to the suspension incubated with the enzymes; rBC with the regenerated cellulose; PHACOS20, PHACOS50, PHO20 and PHA50 with the corresponding hydrogel.
Statistically significant differences from a one way ANOVA test are indicated with ** (p < 0.01) **** (p < 0.0001). b) Viable cell count from panel A.

stimulating development of resistance. In recent years, alternatives such
as antimicrobial nanoparticles (e.g., Ag, ZnO or TiO2) and antimicrobial
peptides (AMPs), have increased their attention [61], but these method-
ologies have some important limitations such as the maximum concen-
tration that can be loaded within the polymer network. Natural
polymers with inherent antibacterial properties like chitosan can over-
come this issue, but its efficacy as pure polymers against certain impor-
tant clinical isolated pathogen is scarcely reported [62]. In this work we
have developed a new hydrogel with efficient antimicrobial activity
against MRSA, using two natural bacterial biopolymers of different na-
ture that can be produced by sustainable processes following the princi-
ples of circular economy including the reusability of the solvent applied
for blending (ionic liquid).

3.8. Biocompatibility of hydrogels
Biocompatibility of BC with living tissues has been previously stud-

ied in repeated occasions and is comparable to other biomaterials com-
monly used in tissue engineering, like polyglycolic acid and

polytetrafluorethylene [7]. BC is widely used in in vivo applications be-
cause it lacks proteins or polymers, a requirement of the United States
food and drug administration (FDA) legislations for implants in direct
contact with blood. In fact, several BC-based materials approved by
the FDA are used as tissue surgical sheets, reinforcing matrixes and
meshes, because of the absence of skin irritation and the lower coagula-
tion rates compared to other materials [61]. Skin tolerance and in vivo
response to BC applying skin lesion model, demonstrated that the ery-
thema clinical score was zero at 2 and 24 h after patch removal in almost
all volunteers [63. In vivo cytotoxicity of BC has been studied by
implanting BC nanofibers subcutaneously in BALB/c mice, without
showing changes in the normal development of animals [64].

PHACOS cellular toxicity in terms of viability and metabolic func-
tions of mammalian cells were deeply studied by Dinjaski et al. Inflam-
matory activity was also analysed in vitro and in vivo by PHACOS
implantation subcutaneously in mice. The results indicated minimal in-
flammation associated with this polymer [17].

Based on these antecedents, in this work, the cytotoxicity of antimi-
crobial BC/PHACOS hydrogels were evaluated according to ISO 10993-5
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Fig. 7. Biocompatibility assay: Indirect cytotoxicity showing cell viability in the presence of
extracts at different time points. Statistically significant differences between studied
samples and control from a one way ANOVA test are indicated with * (p < 0.05).

standard using human dermal fibroblasts. Thus, the effects of material
extracts on the metabolic activity of the cells were evaluated at different
time periods. According to the standard, if the relative cell viability of
the highest concentration of the sample extract (100% extract) is >70%
of the control group, then the material shall be considered non-
cytotoxic.

Fig. 7 shows cell viability (CV) values of human fibroblasts cultured
in the presence of extracts of the PHACOS containing hydrogels samples
taken at different time periods. It can be observed that cell viability in
the presence of extracts of rBC and PHACOS hydrogels samples at 4 h
was statistically lower than the control, however cell viability recovered
in the presence of extracts taken in the following time points (1, 4 and
7) giving not statistically different values over the studied period except
for some cases. Taking the results in overall, we can say that no sample
showed cytotoxicity according to ISO 10993-5 standard since cell viabil-
ity was over 85% in all studied samples.

4. Conclusion

Antimicrobial hydrogels based on BC and PHACOS were successfully
prepared using the ionic liquid BMIMCI and were cytocompatible
against fibroblasts of human embryonic skin. Hydrogels microstructure
consisted in a BC matrix having PHACOS granules homogeneously dis-
tributed and stabilized by hydrogen bonding interactions between
both types of polymers. The PHACOS20 had elastic properties compara-
ble to the skin features, optimum swelling properties for absorbing
fluids in wounds, and besides, presented the highest significant anti-
staphylococcal activity (reduction of viability in 1.8 logarithmic units).
20% of PHACOS was enough to provide BC-based hydrogel with antimi-
crobial activity versus S. aureus, using low amount of polymer concen-
tration in the synthesis (1 w/v-%). The hydrogel composition
PHACOS20 is selected as the best candidate formulation and proposed
for further developments in wound healing applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.07.289.
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