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Application of polymers cross-linked by gamma irradiation on cutaneous wounds has resulted in the improve-
ment of healing. Chitosan (CH) and poloxamer 407 (P407)-based hydrogels confer different advantages in
wound management. To combine the properties of both compounds, a gamma-irradiated mixture of 0.75/25%
(w/w) CH and P407, respectively, was obtained (CH-P), and several physical, chemical, and biological analyses
were performed. Notably, gamma radiation induced changes in the mixture's thermal behavior, viscosity, and
Keywords: swelling, and exhibited stability at neutral pH. The thermal reversibility provided by P407 and the bacteriostatic
Polymer effect of CH were maintained. Mice full-thickness wounds treated with CH-P diminished the wound area during
Skin the first days. Consequently, with this treatment, increased levels of macrophages, -SMA, and collagen deposi-
tion in wounds were observed, indicating a more mature scar tissue. In conclusion, the new hydrogel CH-P, at
physiologic pH, combined the beneficial characteristics of both polymers and produced new properties for
wound management.
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1. Introduction

Hydrogels for wound healing are materials that protect injuries,
avoiding and/or controlling infection, and providing moisture for the ir-
regular wound environment. These materials are prepared from differ-
ent natural and synthetic polymers, and are employed individually or as
mixtures. Some polymers, such as chitosan (CH) and poloxamer 407
(P407), have demonstrated healing properties. In this respect, CH is a
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linear polysaccharide derived from chitin, and CH hydrogels are pre-
pared by dissolution of CH in aqueous acidic solution. Depending on
the degree of deacetylation, CH is biodegradable, biocompatible, and
can be manufactured in different shapes [1]. Due to its positive chemical
charges at physiological pH, CH presents bioadhesive properties. During
wound healing, CH hydrogels allow cell adhesion and stimulate prolifer-
ation and cell differentiation [2-4]. On the other hand, P407 is a synthet-
ic polymer that possesses the property of thermo-reversibility, which
modulates gelation upon temperature change. This feature permits
biomedical applications, employing the change from ambient-to-
physiological temperature to release drugs in various administration
vias [5-6]. Hydrogels prepared with P407 have been employed to im-
prove wound repair; when administered during 14 days in full-thick-
ness excisional wounds performed in the dorsal skin of rats, P407
promoted an increase of wound contraction and closure at days 11
and 14 post-wounding. Meanwhile, the increase in Vascular Endothelial
Growth Factor (VEGF) and Transforming Growth Factor (TGF)-31 level
expression was observed on days 3 and 7 post-wounding, respectively,
and simultaneously with leukocyte infiltration, fibroblast proliferation,
and marked angiogenesis; improving granulation tissue formation [7].
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In general, a combination of polymers to prepare hydrogels can be
obtained by physical (freeze-thawing), and by chemical or high-energy
radiation methods [8]. The latter is considered a suitable tool for cross-
linking polymers because it is simple, faster, clean, effective, and eco-
nomically and environmentally friendly. It does not require chemical
catalysts, toxic chemicals, extreme physical conditions, initiators, or
cross-linkers, and conducting two processes (crosslinking and steriliza-
tion) at the same time is possible [8], offering an alternative technique
to conventional methods for developing novel polymeric products [9].
Previously, our investigation group developed a new collagen-polyvi-
nylpyrrolidone copolymer by gamma irradiation that is characterized
by immunomodulatory, fibrolytic, and antifibrotic properties, demon-
strating the advantages of modification of polymers by high-energy ra-
diation methods [10]. Some background on the benefits of gamma
irradiation in obtaining materials with potential use in wound healing
includes the combination of O-carboxymethyl CH/gelatin [11], poly(vi-
nyl alcohol) (PVA)/sodium alginate [12], PVA/hydroxyethyl starch
[13], PVA/CH [14] PVA/CH-glycerol [15], PVA/polyvinylpyrrolidone
(PVP) [16] and PVA/polyethylene glycol (PEG) [17], among others
[18]. However, few of these studies developed the physicochemical
characterization and evaluation of wound healing in an in vivo model.
The aim of this work was to assess the wound healing properties of a
new hydrogel prepared from a physical mixture of CH and P407,
cross-linked by gamma irradiation (CH-P). This hydrogel maintained
the thermo-reversibility of P407, although the thixotropy was absent.
In addition, the novel compound presented stability at neutral pH,
swelling ability in contact with blood serum, and an antimicrobial/anti-
fungal effect, and promoted the wound healing in a model of excisional
wounds carried out on mice. These features rendered the hydrogel suit-
able for wound management.

2. Materials and methods
2.1. Materials

Low-molecular-weight CH (75-85% deacetylated, batch num-
ber: SLBJ5775V (20-300 cP, 1 wt.% in 1% acetic acid, according to
the manufacturer's specifications), was purchased from Aldrich
Chemistry (Iceland). Pluronic® F-127 (poloxamer 407, P407,
HO(C2H40)101(C3H60)56(C2H40)10]H, CMC: 950-1000 ppm [~25 c}C],
lot number: SLBL1780V) was acquired from Sigma Life Science (MO,
USA). The antibodies anti-elastase (ab21595), anti-F4/80 (ab6640),
anti-ac smooth muscle actin (a-SMA) (ab7817), and anti-TGF-P33
(ab15537) were purchased from Abcam (MA, USA). Goat anti-rabbit
Texas Red (W0901) was obtained from Vector Laboratories (CA, USA);
goat anti-rat IgG-FITC (SC-2011) was acquired from Santa Cruz Biotech-
nology (CA, USA), and goat anti-mouse IgG-Alexa Fluor® 488 was
purchased from Molecular Probes (IL, USA). The immunofluorescence
reactions were mounted with Vectashield®/DAP], from Vector Labora-
tories. All other solvents and chemicals were of analytical grade.

2.2. Sample preparation

2.2.1. CH solution (CH)

A solution of 0.75% (w/w) of CH was prepared in 0.5% acetic acid in
water. Subsequently, this was maintained under stirring at room tem-
perature during 24 h. Afterward, the suspension was filtered.

2.2.2. Hydrogel of P407

A 25% solution (w/w) of P407 in ultrapure water was prepared by
stirring the polymer during 5 h at 4 °C. The final solution was filtered
at the same temperature.

2.2.3. Hydrogel of the CH and P407 mixture (CH+P)
A solution of 0.75/25% (w/w) of CH and P407, respectively, was pre-
pared in 0.5% acetic acid in water at 4 °C. Subsequently, this was

maintained under stirring at the same temperature during 24 h. Then,
the suspension was filtered.

2.24. Gamma-irradiated hydrogel (CH-P)

The CH+P solution, prepared as previously noted, was subjected to
gamma radiation (°°Co) at an absorption-rate of 25 kGy in a
Transelektro LGI-01, IZOTOP Institute of [sotopes Co. (Budapest, Hunga-
ry), with 3247.01 Ci and a dose ratio of 0.249 kGy/h (Instituto Nacional
de Investigaciones Nucleares). Due to the nature of the formula, the final
pH was 4.6 (CH-P 4). This property, although unphysiologic, was con-
sidered useful for evaluating the CH-P hydrogel during wound healing,
because the acidic condition could control microorganism develop-
ment. However, considering the biological condition of wounds, neutral
pH is desirable for maintaining homeostasis. In order to obtain a hydro-
gel with neutral pH, CH-P 4 was adjusted to pH = 7 by the addition of
triethanolamine (CH-P 7).

2.3. Sample characterization

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical structure was investigated using FTIR spectroscopy
with a Bruker Alpha platinum spectrometer (MA, USA), within the
4000-400 cm™ ! range, with a resolution of 4 cm™! and an average of
32 scans. The analysis was performed in triplicate.

2.3.2. Nuclear Magnetic Resonance (NMR)

Proton Nuclear Magnetic Resonance ('H NMR) measurements were
performed using a Bruker Advance 400 Spectrometer (MA, USA) (static
field = 9.4 T) operating at a frequency of 100.61 MHz at 25 °C. Samples
were dissolved in deuterated water (D,0). The spectra were processed
employing TOP Spin software. Each evaluation was performed in
triplicate.

2.3.3. Morphological analysis

Scanning Electron Microscopy (SEM) was performed in each freeze-
dried formula by means of a JEOL 6000 microscope (MA, USA) operated
at an accelerating voltage of 20 kV. The sample was mounted on a con-
ductive carbon tape. Each evaluation was performed in triplicate.

2.34. Thermal analysis

Thermal characterization of the hydrogels previously lyophilized,
was performed by Differential Scanning Calorimetry (DSC) employing
DSC Q100 (TA) (DE, USA) equipment, previously calibrated with an in-
dium sample and baseline with an unsealed aluminum sample holder. A
total of 3 mg of powder was analyzed in a range of 0-200 °C with a
heating rate of 10 °C/min, employing nitrogen to purge the gas chamber.
The analysis was performed in triplicate.

2.3.5. Viscosity profiles of hydrogels

The variation of viscosity with an increasing agitation speed and its
recovery was carried out utilizing a viscosity-recording method with a
Brookfield CAP 2000 viscosimeter (MA, USA) at 37 °C. The equipment
was previously calibrated with standard number 30,000 for the use of
a no. 3 needle. A 100-pL volume of each hydrogel was placed into the
equipment and viscosity was recorded within a range of 120-600 rpm
in forward and in reverse order at 20-rpm intervals. The analysis was
performed in triplicate.

2.3.6. Time and temperature of gelation

Sol-gel transition of hydrogels (P407, CH+P, CH-P 4, and CH-P 7)
was carried out employing the same equipment and conditions as
those for viscosity profiles. The transition point was defined by the tem-
perature and time when the viscosity increased sharply [19]. A 100-{L
volume of each hydrogel was placed into the equipment, and a viscosity
within the range of 7-30 °C with a change speed of 1 °C/10 s at 50 rpm
was recorded. An acrylic chamber with a cotton bed dampened with
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water, to maintain constant relative humidity, was employed. The anal-
ysis was performed in triplicate.

2.4. Sample evaluation

24.1. The hydrogel’s ability to regulate different relative humidities

With the aim of determining the capacity of the hydrogel to regulate
moisture in the environment, different solutions of glycerol/water were
prepared to establish different relative humidities, and the uptake or re-
moval of water was determined by a gravimetric method. This analysis
of hydrogels was performed in semi-solid state, as they were applied in
the in vivo model. A total of 5 mL of each hydrogel was placed in a 10
mL-vessel; these were left to rest for 12 h at room temperature and
were then placed in a chamber with different relative humidities. In de-
tail, solutions of 92, 89, 84, 79, 72, 64, 51, and 33% w/v of glycerol in
water yielded the following relative humidities: 20, 30, 40, 50, 60, 70,
80, and 90%, respectively. Later, the system was placed in a 37 °C oven
for 6 h, and the device was then weighed. The % of absorbed or eliminat-
ed water was determined by weight difference. Each evaluation was
performed in triplicate.

2.4.2. Bioerosion/swelling test

In order to predict a hydrogel's behavior when in contact with a
wound, a bioerosion/swelling assay of the different formulas was per-
formed in vitro. The assay was determined by a gravimetric method.
In the same manner, this analysis of hydrogels was performed in
semi-solid state, as they were applied in the in vivo model. A total of
1 mL of each hydrogel was placed at the bottom of glass tubes
(25 mL) at 4 °C. Subsequently, the hydrogels were maintained at room
temperature for 12 h, and then human blood serum obtained from the
Blood Bank of the National Rehabilitation Institute, Mexico City, Mexico,
was added. Tubes were placed in a BS-06 (Lab Companion, Kyunggi-Do,
South Korea) water bath at 37 °C with constant stirring at 50 rpm. After
2,4,6,8,10,12,15, 18, 21, and 24 h, supernatants were removed by de-
cantation. Degree of swelling or bioerosion was determined by the
weight difference of the residues. This test was performed in triplicate.

2.4.3. Evaluation of the antimicrobial activity of the polymers

The antimicrobial activity of each formula was evaluated through a
contact method [20-21] against Gram-negative bacteria (Escherichia
coli, ATCC25922 and Pseudomonas aeruginosa, clinically isolated),
Gram-positive bacteria (Staphylococcus aureus, ATCC 25923), and
fungi (Candida albicans, clinically isolated). Suspensions of each micro-
organism were prepared with 0.5 MacFarland standards (1.5 x 108 col-
ony-forming units/mL), and 200 pL of the suspension was deposited and
spread on Miieller-Hinton agar plates. Previously, sterile filter-paper
discs (6 mm in diameter) were impregnated with 25 L of each formula
at 5 °C, and the discs were then placed onto the inoculated agar plates
and incubated for 24 h at 37 °C. Finally, the inhibition halos were mea-
sured. Evaluation was performed in triplicate and, as negative control,
filter-paper discs with 25 L of sterile distilled water were used.

2.4.4. In vivo evaluation in an excisional full-thickness wound model

This study was carried out in accordance with the Guide for the Care
and Use of Laboratory Animals of Mexican Official Norm NOM-062-
Z00-1999 and the study approved by the Internal Committee for the
Care and Use of Laboratory Animals of the Instituto Nacional de
Rehabilitacién, Mexico. Two month-old CD1 stock male mice were uti-
lized in this study. Animals were anesthetized with an intraperitoneal
injection of Ketamin (100 mg/kg) and Xylazine (10 mg/kg). The backs
of the mice were shaved and two circular excisional wounds, 5 mm in
diameter each, were excised employing a biopsy punch. The wounds
were washed with PBS. Afterward, 100 pL of Phosphate-Buffered Saline
(PBS) solution, CH, P407, P407+CH, CH-P 4, or CH-P 7 was applied daily
until wound samples were obtained; animal triplicates were evaluated.
Wounds were collected and fixed at 3, 7, and 11 days post-wound

(dpw). Wound photographs were captured daily using a stereo micro-
scope (Discovery, V20; Carl Zeiss, Gottingen, Germany) and an AxioCam
HRc Digital Camera (Carl Zeiss, Gottingen, Germany). The wounded area
was measured utilizing AxioVision LE software (Carl Zeiss, Gottingen,
Germany). Subsequently, the wounds were paraffin-embedded and se-
rial, 5-pm-thick tissue sections were obtained.

2.4.5. Histomorphological evaluation of wounded tissues

Herovici staining to reveal collagen content and immunofluores-
cence to detect neutrophil elastase, F4/80, a-SMA, and TGF33 was per-
formed. Anti-neutrophil elastase (1:200), anti-F4/80 (1:100), anti-ot-
SMA (1:50), and anti-TGF33 (1:50) antibodies were diluted and utilized
in a 1% albumin solution. Goat anti-rabbit IgG-Texas Red (1:1000) was
employed as a secondary antibody to detect anti-neutrophil elastase
and anti TGFR3. Goat anti-rat IgG-FITC (1:50) and goat anti-mouse
IgG-Alexa Fluor® 488 (1:1000) were utilized as secondary antibodies
to detect anti-F4/80 and anti-oi-SMA, respectively.

3. Results and discussion

The results of this study show that gamma irradiation can be used to
modify polymers and to obtain new properties that can be utilized in
the medical field. The effects of 25 kGy gamma radiation modified the
structure and properties of CH, P407 and their mixture, suitable for im-
proving excisional wound healing by means of a process to obtain poly-
mers that is fast, easy, and inexpensive. The new polymer was more
stable due to gamma irradiation in terms of solubility at different pH,
and a variation in pH, precipitation, color, viscosity, thermoreversibility,
growth of bacteria/fungi, and in vivo activity over time was not ob-
served. Also, modifications regarding variation between batches, and
the person who prepared each batch were not observed. Additionally,
the cross-linking process produces a sterile material.

3.1. Sample characterization

3.1.1. Hydrogel neutralization assay

With the aim of providing a non-irritating gel for application on
wounds and, due to the fact that CH is soluble only in acidic solutions
[22], hydrogel pH was neutralized. This condition was only reached
when triethanolamine was added to CH-P 4. This effect can be explained
by the formation of complexes comprised of units of N-acetyl-glucos-
amine with P407 chains by means of micelles, favoring its solubility in
a broad pH range [23] undisturbed in the wound. This modification in-
creases the number of medical applications that can be performed
with CH products.

3.1.2. Analysis of ATR-FTIR spectra

ATR-FTIR spectra of samples are depicted in Fig. 1A. The P407 spec-
trum exhibits the absorption band at 2880 cm™ !, which is due to the
stretching mode of C—H bonds, while the band due to stretching of
C—O0 was observed at 1090 cm ™~ !, Through the CH spectrum, it can be
observed that the characteristic absorption bands of functional groups
appear at 1532 cm™~ ! (—NH, bending) and 1372 cm™ !, assigned to
the vibration of C—H. Another broad band, ranging from 3600 to
2800 cm™ !, is due to amine N—H and hydroxyl O—H stretching vibra-
tions. The band near 1150 cm™ ! corresponds to the saccharide structure
of CH, while the broad band at 1040 is assigned to C—O stretching
vibration.

The CH+P spectrum practically matches that of P407, indicating that
no interaction is promoted with this combination and that it is in line
with P407 being the major component in this mixture. The most notice-
able result is observed in the spectra of the gamma-irradiated samples.
In both samples (CH-P 4 and CH-P 7), their spectra generally fit that of
P407, but normalized intensities reveal a subtle increase in intensity of
the C—H band. For instance, intensity ratios (measured by OMNIC soft-
ware) of bands at 2880 and 1090 cm ™! is 1.13, 1.19, and 1.20 for CH+P,
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Fig. 1. ATR-FTIR (A) and 'H NMR (B) spectra of CH, P407, CH+P, and copolymers CH-P 4 and CH-P 7. Inset in Panel B corresponds to deconvolution of "H NMR spectrum of P407 performed

using MestReNova software.

CH-P 4, and CH-P 7, respectively. Note that P407 is a poly(ethylene
oxide)/poly(propylene oxide)/poly(ethylene oxide) (PEO/PPO/PEO)
triblock copolymer. Thus, it is suggested that a cross-linking between
two polymers could occur in a such a way that more (PEO)(PPO)(PEO)
chains are present.

3.1.3. Analysis of "TH NMR spectra

'H NMR spectra (Fig. 1B) are useful to evidence the different chem-
ical environments of CH-P samples; thus, they are complementary and
in line with FTIR results (Fig. 1A). In the spectrum of the P407 sample,
two signals were observed: a peak is resolved at 3.67 ppm and a shoul-
der-peak, at 3.61 ppm. Both signals were assigned to CH, groups deriv-
ing from PEO and PPO units, respectively. Therefore, the ratio of the
intensities of these two NMR signals is proportional to the ratio of
PEO/PPO units. From this approach, it is clear that in CH+P, the ratio
of PEO/PPO units is near that of P407. The spectra of gamma-irradiated
samples present an evolution in this ratio. Clearly, the intensity of
groups associated to PPO units increases with irradiation, which is
plainly observed in the spectrum of the CH-P 7 sample. This result is
in line with FTIR results. Even when two techniques suggest a cross-
linking of CH, with P407, it is difficult to conclude indisputably
concerning the mechanism employed to achieve this. NMR results are
clear, showing evolution of (CH,—CH,—O) units, and one possibility
of this happening is that cross-linking occurs between these units and
the oxygen bonds, bridging the units and the glucosamine units (Fig. 2).

3.1.4. Determination of morphology by SEM

Sample morphology was assessed by SEM (Fig. 3) with the aim of
identifying alterations in the materials due to gamma radiation. CH re-
vealed a characteristic fibrous network, while P407 exhibited an amor-
phous structure and CH+P demonstrated a dough-like pattern by
means of the penetration of the amorphous structure in the fibrous net-
work. However, CH-P 4 and CH-P 7 structural arrangements were closer
to P407 structure than CH+P, in which CH-P 7 particle size was lower
than that of CH-P 4, both decreases due to the fragmentation of
gamma radiation. Thereby, despite that this analysis is from lyophilized

samples, a modification in physical appearance was confirmed as a re-
sult of a chemical change.

3.1.5. Obtention of thermal behavior by DSC

The characteristic properties of individual materials and possible
modifications by gamma irradiation on the thermal behavior of lyophi-
lized material are depicted in Table 1 as melting points. In this respect,
CH+P produced a decrease in the thermal-event peak, indicating an in-
teraction between the two materials. A predominance of P407 values
(thermal transition and enthalpy) was observed, due to the greater
mass ratio. Gamma radiation resulted in a decrease of the thermal
event compared with CH+P, and a modification is also observed due
to pH 7 adjustments (by the addition of triethanolamine). These ob-
served changes suggest a slight modification of the structure due to
gamma radiation.

3.1.6. Determination of viscosity profiles, time, and temperature of gelation
by rheology

The viscosity profiles of different samples-of-interest are illustrated
in Fig. 4. Poloxamer 407 possesses a thixotropic character due to the
separation in the relaxation-recovery profile. The addition of CH to
P407 (CH+P in Fig. 4) decreased viscosity, possibly by decreasing inter-
chain forces, but increased the thixotropic characteristics. Interestingly,
when the mixture of both polymers was subjected to gamma radiation
(CH-P 4 in graph), magnitude-of-viscosity was increased and thixotropy
was absent. Generally, by high-energy radiation, an excision of the poly-
mer chains can be observed, thus a decrease in molecular weight and
viscosity, while in the other, there is no effect on viscosity with an expo-
sure-dose. In this study, the increase in viscosity can be caused by an in-
crease in molecular weight due to depolymerization (principally P407,
due to the greater mass ratio) and crosslinking (CH+P) via formation
of covalent bonds, intermolecular interactions via Van der Waals, and
H bonds favoring the organization of geometries with nuclei hydropho-
bic and quick self-organization when subjected to shear forces and, for
this reason, also the absence of thixotropy. In addition, according to
the suggested structure for the crosslinked polymer and the data of
FTIR and "H NMR, it could be that an additional effect of branching,
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Fig. 2. The suggested cross-linking process of the chitosan (CH)-poloxamer 407 (P407) polymer under gamma irradiation. Radiolysis species of water (1) produced fragmentation of the
CH chain into D-glucosamine units (2) and induced the graft on the PPO block (3) of P407 (4). P407 appeared as a low radiosensitivity polymer [24]. Additional information may be

required to confirm this hypothesis.

decreased flexibility, tangled chain, and increase in friction produced a
higher viscosity. Particularly, for CH-P 7, the absence of thixotropy is
completely evident. These results indicate that gamma irradiation ex-
erts an effect on the structure of materials.

Related with the previously presented data, gelation time and tem-
perature were recorded by viscosity changes (Table 1). All hydrogels
demonstrated gelation [5], except CH. The addition of CH to P407 de-
creased gelation time and temperature, while gamma radiation pro-
duced an increase in both parameters with respect to P407. It is
noteworthy that, even with the structural changes produced by
gamma radiation, P407 chains maintained their ability of thermo-re-
versibility. However, when pH was adjusted to neutral after irradiation
(CH-P 7), there was no difference regarding P407 in both parameters
(temperature and time). Conservation of thermo-reversibility in very
similar terms to P407 is beneficial for wound healing because the

same possibilities for application remain for P407; for example, applica-
tion under cold conditions to cover the lesion area for rapid application,
greater extension, penetration, and gelation on the wound once it
reaches body temperature and, in addition as drug controlled-release
reservoirs once gelified above or within the wound.

3.2. Sample evaluation

3.2.1. Determination of the hydrogel's ability to regulate different relative
humidities

With respect to moisture management in wounds, because injuries
can acquire different degrees of moisture, thus delaying or accelerating
wound healing, [25-27] a hydrogel must possess the ability to provide
the lesion with humidity, capturing excessive exudate while providing
water for the application site in order to prevent desiccation [28], in
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Fig. 3. Gamma radiation produces a change in the morphology of the lyophilized powders.
Photomicrographs obtained by Scanning Electron Microscopy (SEM) of the lyophilized
samples observed with a zoom of 500 (scale bar is equivalent to 50 pm).

order to allow cell migration across the wound surface, granulation, and
re-epithelialization. Moist wound treatment avoids scab formation and
increases wound closure, allowing the formation of a layer of cells on
the wound's surface that closes it from the top [29]. The water-transfer
rate during 6 h from hydrogels to environments with diverse relative
humidities is depicted in Fig. 5A. There is a linear and inverse relation-
ship between water transfers from hydrogels toward environments
with different relative humidities. This means that the tested hydrogels
can transfer a certain amount of moisture according to the wound type,
for example, in the case of wounds with scarce exudate, hydrogels could
promote moistening for at least 6 h. There is no variation among sam-
ples-of-interest.

3.2.2. Determination of bioerosion/swelling

Because we observed both a bioerosion and swelling effect (Fig. 5B),
we can explain both characteristics as follows: the types of interaction
of hydrogels with human serum can be related with viscosity, intermo-
lecular forces and pore size. In the evaluated materials, we observed that
when the viscosity is low, a bioerosion effect predominated (P407,
CH+P), and between these, when intermolecular forces (CH+P) de-
creased, bioerosion increases. The addition of CH to P407 decreased

Table 1

intermolecular attraction by intercalation among P407 chains and in-
creased the formation of hydrogen bonds with water molecules; thus,
a higher capacity of bioerosion was observed. Moreover, with respect
to pore size, if we take the SEM photographs as reference, we can as-
sume that CH could confer a larger pore size on P407 in the CH+P mix-
ture compared with the P407 hydrogel; however, in combination with
the first two variables, the final effect is bioerosion. Regarding the irra-
diated polymers (CH-P), we observed an increase in viscosity, which
could delay the entry of the human serum into the hydrogel, and we
also assumed an increase in intermolecular forces due to
interpenetrated networks by covalent bonds compared with CH+P,
this produces a swelling effect. In addition, if we take the observed
SEM particle size as reference, it would appear that the pores formed
by CH-P4 and CH-P 7 do not differ with respect to CH+P. Among
CH-P 4 and CH-P 7 polymers, it may be that the pore size increases
in CH-P 7 due to an increase in pH; hence its swelling capacity. The char-
acteristic swelling should allow for absorption of the wound exudate in
order to promote fibroblasts migration and extracellular matrix turn-
over; the effect of gamma radiation allows new materials (CH-P 4 and
CH-P 7) to possess that ability. Differences between CH-P 4 and
CH-P 7 were observed only during the last 6 h. The gamma irradia-
tion effect on hydrogel performance was again demonstrated through
this evaluation.

3.2.3. Determination of the antimicrobial effect

It has been demonstrated in other studies, that protonated amino
groups in CH provide a bacteriostatic effect against a broad range of bac-
teria [30] and fungi [31]. This activity depends on CH molecular weight
in an inversely proportional manner, and the deacetylation degree. The
polycationic nature of CH interacts with the surface of bacterial cells (in-
teraction between CH cationic groups and anionic groups on the surface
of bacterial cells, producing bacteria flocculate) and alters membrane
permeability, producing an osmotic imbalance and inhibiting the trans-
port of essential nutrients. Additionally, the interaction of these posi-
tively charged groups with DNA and RNA inhibits fungal and bacterial
protein synthesis [32]. The question on whether hydrogel changes
generated by gamma irradiation affect CH bacteriostatic and fungi-
static properties derives from the hypothesis that gamma radiation
produces various chemical changes including fragmentation, in
which it could be possible that CH reduces its molecular weight
and increases its bacteriostatic effect. Otherwise, the cross-linking
derived from gamma irradiation could block protonated amino
groups and diminish antiseptic effects. It is widely known that
P407 had no microbicidal effect, while CH did. Specifically, differ-
ences in bacteriostasis were observed when CH and P407 were
mixed, as well as when they were irradiated. Although not statistical
differences were observed between the hydrogels with CH, slightly
changes were observed in clinical isolates, specimens representing
greater interest from a clinical viewpoint due to their high bacterial
drug resistance. In this manner, when Pseudomonas aeruginosa cul-
tures were treated with CH-P 7, an increase of growth inhibition
was observed. Interestingly, this specific formula exerted no effect

The gamma radiation produces changes in the thermal parameters; however, gelation of the new hydrogels is similar to P407. Thermal parameters obtained from differential scanning
calorimetry, and time and temperature gelation values obtained by the method of viscosity, in which data are presented as mean + Standard Error of the Mean (S.E.M.).

Hydrogel Thermal behavior Gelation

Thermal transition (°C) Enthalpy (J/g) Temperature (°C) Time (s)
CH 100.79 + 9.49 225.90 4 34.68 — -
P407 55.40 + 0.50 116.30 + 10.81 12.75 + 0.00 92.62 + 9.87
CH+P 54.78 + 0.12 118.74 + 391 9.47 £ 0.28° 65.90 + 1.62f
CH-P4 53.06 + 0.55 106.03 4+ 11.78 13.50 + 0.26"¢ 118.71 + 11._7_2g'h
CH-P 7 49.92 £+ 0.57 93.92 £ 2.21 12.02 + 0.55% 93.13 £ 6.79%

One-way Analysis of Variance (ANOVA), followed by Scheffe's F test for gelation temperature: *CH~P vs. P407, p < 0.0001; °CH-P 4 vs. P407, p = 0.0075; ‘CH-P 4 vs. CH+P,
p <0.0001; YCH-P 7 vs. CH+P, p = 0.0020 and °CH-P 7 vs. CH-P 4, p = 0.0130. One-way Analysis of Variance (ANOVA_), followed by Scheffe's F test for gelation time: \CH+P
vs. P407, p = 0.0098; 8CH-P 4 vs. P407, p = 0.0419; "CH-P 4 vs. CH+P, p = 0.0015; ‘CH-P 7 vs. CH+P, p = 0.0025 and {CH-P 7 vs. CH-P 4, p = 0.0307.
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on Candida albicans, but CH+P, as well as CH-P 4, did (Table 2), pos-
sibly by means of the additional factor of acid pH, a medium acid
that aids in counteracting bacterial growth. The importance of pro-
tonated CH amino groups was evidenced by the antifungal effect
observed when Candida albicans cultures were treated with CH+-P
and CH-P 4, but this was absent with the CH-P 7 hydrogel. The

Table 2

increased antifungal activity of CH-P 4 compared with that of the
other formulas was attributed to structural changes due to gamma
radiation, in that only CH-P 4 reached the highest degree of inhibi-
tion. These results indicate that the different compounds evaluated
act selectively against a broad spectrum of pathogens and that applica-
tion of irradiated hydrogels on infected wounds could be highly

Irradiated hydrogels exhibit antimicrobial, and antifungal properties in a pH-dependent manner. Halos of inhibition produced by different materials-of-interest against different micro-

organisms. Data are presented as means.

Microorganism Halos of inhibition (mm)

Negative control P407 CH CH+P CH-P 4 CH-P7
Escherichia coli (ATCC25922) 0 9 10 10 10
Staphylococcus aureus (ATCC29213) 0 10 11 10 10
Pseudomonas aeruginosa (clinical isolate) 0 8 10 10 11
Candida albicans (clinical isolate) 0 11 9 11 0

One-way Analysis of Variance (ANOVA), followed by Tukey test for halos of inhibition was carry out. For E. coli, S. aureus, and P. seruginosa the measurements of halos of inhibition for all
hydrogels composed of CH were statistically significant (p < 0.05) compared with P407 and control. For C. albicans, the measurements of halos of inhibition were statistically significant

(p > 0.05) compared to CH-P 7, P407 and control.
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wounds treated with CH-P 7.

convenient because infection in an injury is a very common condition
encountered in clinical practice.

3.2.4. Evaluation of wound closure

To evaluate the effect of CH, P407, CH+P, CH-P 4, and CH-P 7 on
wound closure, a cutaneous excisional wound-healing model was
employed. Notably, wounds treated with CH exhibited a closure delay.
This contrasted with Ribeiro, et al. studies [3], in which the authors
found a decrease in wound size during day 1 of repair with CH treat-
ment [3]. In that work, the authors observed that, due to the saturation
of P407, CH was dissolved only at a low concentration (0.75 vs. 4% w/v);
additionally, deacetylation degree and MW was lower, and this may
produce a different response in wound repair. With respect to P407,
we did not find changes in closure rate, in contrast with what was re-
ported by Kant et al. The latter is not clear but the wound model could
exert an influence on wound response [7].

The irradiated hydrogels greatly stimulated early wound closure
when compared with other treatments (Fig. 6A and B). The interaction
with different relative humidities and bioerosion/swelling tests
described previously suggest that irradiated hydrogels maintain the
wound wet and control exudative wound fluid, thereby contributing to
the acceleration of wound closure during the first days of healing. After
the first week of daily treatment, CH-P 4 and CH-P 7 ceased to close the
wound, demonstrating no difference with other treatments, including
PBS (Fig. 6A and B). The maximal effect recorded was at day 11, where
all of the animals exhibited approximately the same 93% of wound

closure (Fig. 6A). Unexpectedly, wound closure was inhibited progres-
sively after day 7 in wounds treated with irradiated hydrogels. Due to
these results, we propose that treatment of wounds by CH-P 7 could be
suspended after week 1 of application.

3.2.5. Histological and immunofluorescence analyses

To analyze whether the irradiated hydrogels and the remaining
polymers affected the wound-healing process, histological (Fig. 6C)
and immunofluorescent (Fig. 7) assays were carried out during the in-
flammatory, proliferative, and at the beginning of tissue-remodeling
phases in wounds treated with the polymers. At day 3 post-wound
(dpw), it was found that wounds treated with CH+P, CH-P 4, and
CH-P 7 exhibited new ECM synthesis, which was deposited in sparse
and loose parallel fibers, the latter contrary to other treatments,
which demonstrated abundant and compact ECM (Fig. 6C). This or-
ganization and shortage of provisional matrix might facilitate fibro-
blast migration and proliferation to the wound area, contributing
to the acceleration of wound closure [33].

At that time, the scab observed in tissues treated with CH-7 was
thinner and was separated from the wound bed, in contrast with
those treated with other formulas. This effect was particularly notable
at day 7 of treatment, reflecting an acceleration of wound healing with
the CH-P 7 treatment (Fig. 6C). At 7 dpw, epithelialization and granula-
tion tissue was observed in all of the animals evaluated; however,
Herovici staining indicated that wounds treated with CH-P 4 and CH-P
7 exhibited higher deposition of type I collagen in the wounded area
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than other treatments (Fig. 6C). It is noteworthy that wounds treated
with CH exhibited an important delay in re-epithelialization, reflecting
a decrease in wound closure during the first 7 dpw, which is in accor-
dance with wound-closure kinetics, physical appearance, and
histomorphology (Figs. 6A-6C). The increase of type I collagen depo-
sition in CH-P 7-treated wounds was evident at 11 dpw, when the
tissue-remodeling phase had initiated, indicating an acceleration of
new tissue maturation and scar formation through this treatment.

Although it has been reported that the primary role of inflammation
is to prevent bacterial infection, deregulation of the inflammatory re-
sponse may result in chronic wound development or may contribute
to hypertrophic scar-tissue formation [34-35]. Thus, infiltration of the
main inflammatory cells, neutrophils, and macrophages in wounds
treated with the different polymers was evaluated. Wounds treated
with irradiated compounds, as well as wounds treated with CH+P
and CH, demonstrated a slight decrease of neutrophils, visualized by
the antineutrophil elastase antibody, in comparison with wounds treat-
ed with P407 and PBS at 3 dpw (Fig. 7A). Macrophages were detected at
this time point only in wounds with PBS and CH (Fig. 7B). At 7 dpw,
fewer neutrophils were observed in wounds treated with CH+P and ir-
radiated compounds in comparison with the remaining treatments, and
a slight increase of macrophages was observed in wounds with CH-P 7
(Fig. 7B). Also, at this time point, a persistence of neutrophils in wounds
treated with CH alone was observed (Fig. 7B). At 11 dpw, neutrophils
were observed solely in wounds with CH+P and P407, and macro-
phages were higher in wounds treated with CH and PBS, compared
with the remainder of the treatments (Fig. 7C). The lower presence of
neutrophils observed at 3 dpw in wounds treated with all compounds
containing CH suggests that this polymer could act as an inflammation
modulator only during the initial days of healing. In fact, CH powder
and CH acetate bandage applied to full-thickness wounds resulted in a
diminished number of inflammatory cells [36-37]. However, it was ob-
served that wounds treated with CH alone exhibited a persistent pres-
ence of neutrophils at 7 dpw and macrophages at 11 dpw, unlike the
other treatments (Fig. 7B and C). Interestingly, it has been reported
that one effect of cotton fiber-type CH on open skin wounds comprised
severe infiltration of polymorphonuclear cells [38]. In addition, a nano-
titanium oxide-chitosan composite with artificial collagen skin slightly
diminished InterLeukin (IL)-6 levels in the animal's serum, suggesting
that CH modulates the immune response through IL-6, which could
act as an inflammatory or anti-inflammatory factor [39]. Our results
suggest that this form of CH (75-85% deacetylated) acts at two levels:
it diminishes the neutrophil infiltrate only during the first days of
wound repair and inhibits the resolution of inflammatory infiltrate in
the subsequent stages of wound repair. The sustained neutrophil levels
after 3 dpw and at 7 dpw could explain the delay in wound closure ob-
served in mice treated with CH. It has been reported that P407 can also
induce leukocyte infiltration [7]. This is consistent with the presence of
neutrophils at 3, 5, and 11 dpw in wounds treated with P407. These ob-
servations indicate that materials could contribute to inflammation reg-
ulation due to the presence of CH and P407.

In addition to their inflammatory role, macrophages are important
sources of growth factors, including TGF31, which, among others, in-
duce myofibroblast differentiation evidenced by a-SMA expression.
Myofibroblasts are responsible for wound contraction and collagen syn-
thesis, and they are present at higher proportions during fibroplasia
[40-41,35]. At 7 dpw, an increase in the macrophage and myofibroblast
proportion was visualized by F4/80 and a-SMA expression, respective-
ly, in tissues treated with CH-P 7 (Fig. 7B). These results suggested that
early activation of fibroblasts could contribute to the acceleration of
wound closure during the first days by contraction and to the promo-
tion of scar-tissue maturation in wounds. High levels of TGFP33

expression have been associated with scar-free wound resolution and
with the reduction of hypertrophic scars [42-43]. To test whether
high-quality resolution could be acquired during treatment with irradi-
ated hydrogels, we searched TGF{3 expression as a marker of scar-free
healing in such wounds. We did not find changes in TGF33 levels in any
treatment, indicating that CH-P 7 does not induced high-quality wound
resolution.

4. Conclusion

In this work, CH-P 4 and CH-P 7 were obtained by gamma irradiation
through a fast, economical, and environmentally friendly procedure,
with biodegradable and biocompatible materials. Thermo-reversibility
and gelation properties at a low temperature allow for easy application
to the wound, while the ability to swell in the presence of human serum
permits the control of excessive exudate for skin-wound application.
Also, the new material maintains the antimicrobial/antifungal effect by
means of acid pH and/or by CH properties. Additionally, studies in
vivo indicated that CH-P 7 possesses highest wound-closure rate during
week 1 in mice. This observation correlates with an increase of macro-
phages, a-SMA expression, and collagen synthesis, resulting in a more
mature repair. All of these beneficial properties confer the ability on
this novel material to address wound-closure with different mecha-
nisms of action, both physical and biological. Therefore, its usefulness
may be of high potential, either alone or in combination with active
pharmaceutical ingredients.
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