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Effective methods to alleviate hypoxia are necessary for the proper healing of chronic wounds. However, current
oxygen (O3) delivery methods suffer from limitations, such as low Oy capacity and short supply time, burst
release, and inadequate Og preservation potential. This study presents a new approach utilising fluorinated
chitosan (PFC-chitosan) infused with self-generating and preserving Os and hydrogen peroxide (H203). We
incorporated calcium peroxide (CaO2)-loaded polycaprolactone (PCL) particles into the PFC-chitosan matrix and
subsequently evaluated the release kinetics of Oy and HyO2 from these materials. The incorporation of CaO; into
PCL particles and PFC-chitosan effectively mitigate the rapid decomposition rate of CaO, while the PFC groups
enable the dissolution of generated O via Van der Waals interactions. The apparent rate constant (ko,) for Oy
release from CaOy under hypoxia decreased from 1.194 uM~th! to 0.141 pM~th ! by incorporating into PCL
particles and PFC-chitosan, indicating the slower release of Oy from these materials. Regarding release kinetics,
H0; follows a pseudo-zero-order pattern, while O, exhibits a pseudo-first-order pattern. The ko, is affected by
temperature, pH, initial O, concentration in the release media, and an initial amount of CaO,. The particles with
PFC-chitosan showed higher cell viability and slower O, release rates, indicating improved angiogenesis po-
tential. The simultaneous generation of Oy and HpO» from PFC-chitosan may have the potential to improve
chronic wound healing by providing a continuous supplying of O..

1. Introduction potential complications of HBOT, including barotraumatic lesions, Oy

toxicity, and confinement anxiety. Additionally, the cost of the neces-

The healing process for chronic wounds can take several months if
the inflammation phase is not successfully passed[1]. In chronic
wounds, hypoxia, insufficient tissue oxygenation (O concentration is
5% or lower), hinders epithelization, angiogenesis, and collagen depo-
sition, resulting in a slower healing process[1]. Exogenous oxygenation
of the wounds during the healing process could affect signaling mole-
cules, including cytokines, matrix metalloproteinases (MMPs), growth
factors, and proteases, therefore, accelerating wound healing[2].

Various approaches have been applied to provide Oy to hypoxic
tissues, such as hyperbaric oxygenation, utilizing O,-carriers, and O»-
generating biomaterials[3]. Hyperbaric O, therapy (HBOT) has been
proven effective in treating chronic wounds through multiple clinical
trials. However, it is important to carefully assess and monitor the
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sary equipment and the risk of using high-pressure capsules are limita-
tions of HBOT|[4,5].

O,-generating biomaterials such as peroxides, nanozymes, MnO»-
based particles, and algae can show a wide range of release from several
hours to even more than a month. This release time is determined by the
physicochemical properties of the biomaterial, the condition in which it
is released, and methods used for delivery and prevent of rapid release
[3]. Nanozymes and MnOj-based particles, although incapable of
generating O, independently, play a vital role in the presence of HyO9
for Oy production[3]. As a result, these materials possess the ability to
alleviate oxidative stress while simultaneously generating O, within
tumor tissues[3]. Conversely, the strategy of utilizing algae to produce
O, relies on the use of living xenogeneic matter, which can potentially
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lead to immune incompatibility and cytotoxicity[6]. An alternative
approach for achieving a maximal Oy payload and a more gradual
release of Oy involves the utilization of solid peroxides.

Due to less water solubility and higher purity compared with most
peroxides, CaO5 has been introduced as an ideal O,-generating source
for biomedical applications[7]. The CaO; dissolution rate in water and
the resulting O, generation can be extended by incorporating it into
hydrophobic shells. However, preventing the burst O,-release and low
O, preservation in such structures remain the main challenge[7]. At
high O, concentrations, the excess of univalent reduction of Oy, which
generates reactive O species (ROS), overwhelms the natural antioxidant
defense system and results in cellular toxicity[8].

O, carrier materials such as hemoglobin (Hb), transfused red blood
cells (RBC), and perfluorocarbons (PFCs), were proposed as an alter-
native approach for the delivery of O to the hypoxic tissues[3]. PFCs are
hydrophobic molecules with O dissolving capacity approximately 20
times greater than water. The Food and Drug Administration (FDA) has
approved the use of some PFCs in humans due to their proven safety and
effectiveness in supplying O»[9]. However, the existing PFC-based O,
carriers have limited O, payload capacity, resulting in a short-time Oy
supply, a burst O, release profile, and hydrophobic properties, hindering
their effectiveness for wound healing applications[3]. Thus, to deliver
0,, PFCs need to be loaded in an environment that is saturated with O-.
To improve the hydrophobicity of PFCs for more efficient and localized
O, delivery in diabetic wounds, PFCs were conjugated with meth-
acrylamide chitosan[10]. The resulting hydrogels were able to supply O5
for up to only 12 h[10].

So far, polycaprolactone (PCL), poly lactic acid (PLA), poly(lactide-
co-glycolide) (PLGA), polyurethane (PU), poly(N-vinylpyrrolidone)
(PVP), and N-isopropyl acrylamide have been used as a hydrophobic
cover to prolong O, release from CaO by blocking the accessibility of
water to CaO[3]. Mohseni-Vadeghani et al. used PLA as a hydrophobic
shell to prevent the fast degradation of CaO,. In this study, the highest
concentration of Oy, was observed during the first days[11]. Although
the extension of Oy release from CaO, has been achieved through its
encapsulation into various polymers with diverse structures, the initial
burst release and low O, preservation in the release media remain
challenging[12-16].

Skin wounds can have different pH[17] and temperature[18] which
can affect the kinetic and yield of Oy and H30» from CaO,. While Wang
et al. studied the kinetic of the produced Oy and H20 resulting from
pure CaO, decomposition under varying temperatures and pH levels
[19] there is no study on the kinetic of O, and HyO2 generated from
biomaterials such as encapsulated CaO; into a hydrophobic polymer to
investigate the effect of the coating on the release rate of O, and Hy04
under various conditions that a wound can have.

The objective of this study was to develop a catalytic biomaterial to
achieve sustained release and preservation of O;. We combined Oo-
generating peroxides with PFC (Os-carriers) to design a self O, gener-
ating carrier biomaterials without the need for reloading. To prevent the
rapid release of Oy and HyO», we coated CaO; particles with PCL and
doped them with PFC-conjugated chitosan. We hypothesized that the
PFCs groups on chitosan can control the release of O, from the PCL
particles and release the trapped O- in a sustained manner. This com-
bination served as protective and Os-buffering shells, enabling the
release of Oy in a controlled manner through catalase-catalyzed
decomposition of HoOy. The kinetic of generated Oy and Hy0, from
the covered CaO, was calculated to study the effect of different release
conditions such as initial O concentration of release media (hypoxia
and normoxia), the amount of incorporated CaO,, the volume of release
media, pH and temperature of release media, and catalase on Oy and
H30, release.

In the present work, the PCL particles extended the termination time
of CaOy decomposition. The findings demonstrate that PFCs can adsorb
O, generated by CaO and supply it at a gradual rate, thereby preventing
any depletion in the concentration of O, following rapid release.
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Furthermore, the presence of PFC groups was found to impede the initial
burst release, which could potentially reduce any cytotoxicity associated
with the burst release of O,. Therefore, the utilization of PFC-chitosan
not only exhibited the ability to decelerate the initial burst release of
O, from the PCL particles but also extended the supply of O, in the
release media.

2. Materials and methods
2.1. Synthesis of the CaO2-loaded PCL particles

The CaOq-loaded PCL particles were synthesized by incorporating
CaOs as the hydrophilic phase into polycaprolactone (PCL, average My
= 80000, M,,M;, 1 <2, Sigma-Aldrich) as the hydrophobic phase[20,21].
Known amounts of CaO, (white powder with a purity of 75%, Sigma-
Aldrich) (0, 0.1, 0.25, 0.5, and 1.0% (wt v’l)) were suspended in a
10% (wt v_1) solution of PCL in dichloromethane (DCM, Thermo fisher
scientific) and named PX, which X is the content of CaO5 (Table 1).

Then, the suspensions were sonicated for 10 min and added to 2%
(wt v™1) of homogenized polyvinyl alcohol (PVA, M,, = 9000-10000
kDa, 80% hydrolyzed, Sigma-Aldrich) solution in deionized (DI) water
at 1:20 (v:v). The synthesized CaOq-loaded PCL particles containing
CaO4 were precipitated via centrifugation at 104 RCF for 1 min to collect
the precipitated particles and the supernatant was quickly decanted to
minimize the decomposition of the loaded CaO, during the synthesis. To
ensure the separation of PVA from the surface of the synthesized parti-
cles, the CaO,-loaded particles were washed with DI water and precip-
itated by centrifugation several times, and then, freeze-dried.

2.2. Synthesis of the PFC-chitosan film

Pentadecafluorooctanoyl chloride (PFC, 97%, M,, of 432.51 Da,
Merck) was conjugated on chitosan (My of 50-190 kDa, DD >75%,
Biosynth-Carbosynth) as was reported before with slight modifications
[22-24]. Briefly, 1.85 mmol of the chitosan was dissolved in DI water:
tetrahydrofuran (THF) (1:1, v:v) containing 2% (v v~1) acetic acid to
reach a 3% wt v™! of chitosan solution. Then 1.40 mmol of the PFCs
were added into the solution dropwise and stirred at 100 rpm for 24 h at
ambient temperature. The reaction mixture was purified via a dialysis
bag (3500 Da, in which the cutoff was larger than PFC molecules)
against distilled water for three days with three daily changes, then
lyophilized.

2.3. PFC-chitosan films loaded with CaO2- PCL particles

The synthesized PFC-chitosan was dissolved in THF/DI water (50:50
vvh containing 2% (v v1) acetic acid so that the concentration of
PFC-chitosan solution reached 2% (wt v’l), then various ratios of P1
particles were incorporated into the PFC-chitosan solution (0:1, 0.5:1,
and 1:1 (particles: film (wt wt’l)), which named P1F0, P1F0.5, and

Table 1
Composition of the synthesized particles and PFC-chitosan films loaded with
particles.

Sample CaO, concentration Ratio between PCL particles and
(% wtv1) PFC-chitosan ((particles: film) wt
wt’l)
Particles PO 0 -
PO.1 0.1 -
P0.25 0.25 -
P0.5 0.5 -
P1 1 -
Films P1F0 1 0:1
P1F0.5 1 0.5:1
P1F1 1 1:1
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P1F1 (Table 1), and then sonicated for 5 min to disperse the particles.
The homogenized solutions were cast into a silicon mold and dried
under a vacuum at 30 °C.

2.4. Experimental procedures to study the kinetics of generated Oz and
Hz02

For kinetics studies, a known amount of the particles and films
containing 15 mg of CaOy were dispersed into the release media (DI
water). A 100 mL cylindrical plastic reactor with the ability to maintain
the inside pressure constant was used for the kinetic studies.

We evaluated the effect of pH, temperature, and concentration of
initial Oy of the released media on the kinetics and release of O, and
H,0,. Hypoxia condition (initial Oy concentration <5%) was achieved
by purging the release media with nitrogen (N3) for 20 min. The pH of
the medium was adjusted with 1.0 M HCl or 1.0 M NaOH. To prevent the
unwanted decomposition of the generated HoOy to Oy by light and
temperature, the reactor was wrapped with aluminum foil and incu-
bated in an incubator. All of the experiments were conducted in
triplicate.

2.4.1. O3 and H,0; release in normoxia and hypoxia

The release of Oz and H30; from CaO5 and P1 particles was inves-
tigated under normoxia and hypoxia at pH 7.4, and room temperature.
15 mg of CaO3 and a certain amount of P1 particles containing 15 mg of
CaO4 were added into 50 mL of the release media in the reactor. The gas
and solution phases were monitored separately for O, using a contactless
sensor (PreSens, Regensburg, Germany)[25,26]. In contrast, the HoOq
release was measured in the solution phase using Pierce quantitative
peroxide assay kits (Thermos Scientific Pierce, Rockford, IL, USA), as
previously reported[25]. Fig. 1 represents the measuring procedure of
02 and H202_

2.4.2. Effect of the media volume on the release of Oz and H202

We studied the potential effect of the media volume on the release of
0O and Hy0». For this experiment, 15 mg of CaO2 and a specific amount
of P1 particles containing 15 mg of CaO, were dispersed into varying
volumes of the release media (25 mL (0.6 mg mL_l), 50 mL (0.3 mg
mL’l), and 100 mL (0.15 mg mL ™). The pH (7.4), room temperature,
and initial O, concentration (<5%) were kept constant.

2.4.3. Effect of the initial amount of CaOz on the release of Oz and H202
To investigate the effect of the initial amount of CaO on the release
of Oy and H203, 5, 15, and 25 mg of CaO; and a certain amount of P1

Temperature
sensor

Solution phase a5 phase

Optical fiber

0, generating particles

Fig. 1. Experimental procedure to determine the amount of O in the gas and
solution phases and of H,0, in the solution phase.
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particles containing 5 (0.05 mg mL™%), 15 (0.15 mg mL '), and 25 mg
(0.25 mg mL 1) of CaO, were added to 100 mL of release media with an
initial O, concentration <5%, at room temperature, and pH of 7.4.

2.5. Characterization of the particles and the PFC-chitosan films

2.5.1. Proton, Fluorine-19 nuclear magnetic resonance ( H NMR and °F
NMR) and fourier transform infrared spectroscopy (FTIR)

High-resolution '°F and 'H NMR experiments were recorded on a
400 MHz Varian INOVA spectrometer to investigate the conjugation of
the PFC groups on the chitosan. The synthesized PFC-chitosan was dis-
solved into a solution of deuterated THF/DI water/acetic acid (49:49:2 V
V! %). To determine the substitution degree of the PFC groups on the
chitosan, the integration of the corresponding peak between —125 to
—79 ppm areas in '°F NMR was calculated using the trichlorofluoro-
methane’s peak as the reference[23]. The substitution degree was
calculated using Eq. (1):

I
DF =7 | 14470 | x 100 m

my

Where DF is the degree of fluorination, Icr, and I is the integral
intensity related to each fluorine peak area and reference CF groups,
respectively, in 19F NMR. m represents the number of fluorine in the
related peak.

The infrared spectra of the chitosan and the PFC-chitosan were ob-
tained using an ATR-FTIR-6600 spectrometer (JASCO, Japan) with a
resolution of 4 cm ™! and 32 scans per spectrum.

2.5.2. Morphological properties

The morphology of the CaOs-loaded PCL particles with various
concentrations of CaO, and the cross-section of the PFC-chitosan film
containing P1 particles were investigated using an optical microscope
and scanning electron microscopy (SEM, HITACHI, SU-70, Japan). To
calculate the average diameter of the particles, the SEM images were
analyzed using ImageJ software. The measurements were carried out in
triplicate and 50 particles were measured for every sample. The surface
roughness and topography of the thin films with a thickness of 100 ym
were studied by AFM on a Multimode 8 (Bruker, Germany). The AFM
was carried out in tapping mode, with a resolution of 512 pixels and a
force constant cantilever of 42 N m?, and in the air[27].

Brunauer-Emmett-Teller (BET) analysis was performed to determine
the size of porosities and specific surface areas of the particles which
were used for O5 and Hy0, release and kinetic studies [28]. The Ny
adsorption/desorption isotherm was measured using a Micromeritics
instrument (crop., Norcross GA, USA, ASAP 2020). Before the analysis,
the particles were degassed at 40 °C for 6 h.

2.5.3. Amount of CaOy loaded its encapsulation efficiency

The encapsulation efficiency and loading content of CaOs in the PCL
particles were examined by dissolving the PCL shell[20]. To dissolve the
PCL shell of the particles, 500 mg of the CaOy-loaded PCL particles were
dispersed in 10 mL of DCM for 4 h at room temperature. The CaOy was
then separated by centrifugation at 5000 RCF for 5 min. To dissolve PCL
and separate the CaO,, the procedure was repeated three times. The
dried weight of the separated CaO; was measured to calculate the
encapsulation efficiency and loading content according to Egs. (2) and
(3):

Encapsulation efficiency
_ Dried weight of the separated CaO, (mg) < 100 (©))
" Weight of initial Ca0, in the synthesizing solution (mg)

Dried weight of the separated CaO, (mg)
Weight of the initial particles (mg)

Ca0, Loading content = x 100 (3)



P. Ghaffari-Bohlouli et al.

2.5.4. The distribution of the incorporated CaO; into the PCL particles
To measure the distribution of the incorporated CaO; into the PCL
particles alizarin red staining was used[11]. 30 mg of the PCL particles
loaded with CaO, and plain PCL particles were incubated with 2% wt
v~ ! alizarin red (product number D0242 and purity >95%, TCI). The pH
of the solution was adjusted to 4.2 using 0.5% v v_! ammonia hydroxide
and the incubation was carried out at room temperature for 4 h. Then
the stained particles were washed three times with DI water and
precipitated by centrifugation (104 RCF for 1 min). The stained particles
were observed by an inverted fluorescence microscope with a bandpass
filter with a wavenumber of 530-580 nm and a 20X objective[20].

2.5.5. Water contact angle (WCA), swelling, and degradation of the films

The surface and bulk hydrophilicity of the films were evaluated
based on the sessile drop method and the water uptake capacity method
[29]. A G10 contact goniometer (SEO Phoenix, Korea) was used to
measure the wettability of the surface of the films by dispensing 8 pL of
DI droplets. An average of 5 WCA examinations after 10 s was reported
for each sample at room temperature[29]. The water uptake capacity
and hydrolytic degradation of the films were carried out based on weight
changes[29]. The dried films with the initial weight (W; = 100 mg) were
soaked in 100 mL of the phosphate buffer solution (PBS, pH of 7.4, at
37 °C) for 100 h. At specific time points, the samples were taken out and
weighted (Wy) after absorbing the excess surface water with a filtering
paper. The swelling ratio was calculated based on Eq. (4):

Water uptake = M x 100 (C))
Wi

The weighted dried films (Wi) were immersed into 100 mL of the PBS
containing 1000 U/mL lysozyme (pH of 7.4 and temperature of 37 °C)
[30]. At predetermined time intervals, the films were removed and dried
in an oven at 40 °C for 2 days (Wy). Every 4 days the media were replaced
with fresh media. According to Eq. (5), the degradation percentage of
the films was calculated.

W,
Hydrolytic degradation = (1 — W‘) x 100 (5)

i

2.6. In vitro evaluation of the films and particles under hypoxia and
normoxia

2.6.1. Cell culture

The fibroblast cells(3T3-L1) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM)/GlutaMAXTM (Gibco, Paisely, UK) supple-
mented with 10% heat-inactivated fetal bovine serum (HI FBS;
16140071; Gibco, Paisely, UK) and 1% antibiotics and antimycotic (AA)
(Gibco, Green Island, NY, USA). After achieving ~90% confluency, cells
were cultured in 96-well plates (4 x 10* cells/well) for in vitro tests. After
2- and 4-days incubation with normoxia or hypoxia conditions, the
cytotoxicity of PO, P1, P1F0, P1F0.5, and P1F1 with and without cata-
lase were analyzed.

2.6.2. Cell cytotoxicity measurements with PrestoBlue assay

The PrestoBlueTM HS (Invitrogen, Merelbeke, Belgium) metabolic
assay was used to determine the cytotoxicity of the treatment on days 2
and 4[31]. Briefly, after 60 min of cell incubation with PrestoBlueTM
reagent: cell culture media (1:10 v/v), the cell viability was measured by
fluorescence spectroscopy (Multilabel reader, Victor X4, Singapore) at
an excitation wavelength of 560 nm and an emission wavelength of 620
nm.

2.6.3. Cell viability measurements with LIVE/DEAD® assay

To measure the viability of the cells the LIVE/DEAD™ Viability/
Cytotoxicity kit (Invitrogen, Merelbeke, Belgium) which contains
calcein-AM dye and ethidium homodimer-1 to identify live (green) and
dead (red) cells, respectively were used.

Chemical Engineering Journal 473 (2023) 145072

Cells were treated for 30 min at 37 °C in the dark by incubating in
DPBS containing 2 mM calcein-AM and 5 mM ethidium homodimer-I.
Using inverted fluorescence microscopy (Leica DMIL, Germany), red
fluorescence in dead cells was seen at ex/em 495/635 nm, while green
fluorescence in living cells was seen at ex/em 495/515 nm|[31].

2.6.4. Investigating the intracellular reactive oxygen species (ROS)
generation

Fibroblast cells were cultured in a poly-D-lysin (PDL)-coated glass-
bottom 96-well plate (MatTek, USA) with a cell density of 5000 cells/
well for 24 h. The cells were treated by PO, P1, P1F0, P1F0.5, and P1F1
with and without catalase and after 24 and 48 h of incubation, the 2,7-
Dichlorofluorescein diacetate (DCFH-DA; D6883, Sigma) was used to
assess the intracellular ROS generation[32]. Briefly, following a PBS
wash, 20 uM DCFH-DA was applied to the cells. After 30 min, the
intracellular ROS production was examined using super-resolution 3D
microscopy (CX-A Imaging Platform; Nanolive, Tolochenaz,
Switzerland). Finally, the intracellular ROS generation was quantified
using ImageJ software (version 1.53e, Wayne Rasband, NIH, USA) by
measuring the average intracellular fluorescence intensities[33].

2.6.5. Chorioallantoic membrane (CAM) assay

To evaluate the cytocompatibility and angiogenic properties of the
developed materials the Chorioallantoic Membrane (CAM) assay was
used. The fertilized chicken eggs (Flock Dyuan) were purchased from
Vervaeke-Belavi (Tielt, Belgium). The CAM assay was carried out
following previously established methods with slight modifications
[34,35] and the control sample was from our previously published study
[36]. The eggs were incubated for 72 h at 37 °C in a 75% humidified
atmosphere and rotated every 12 h. The PFC-chitosan films with and
without P1 particles were placed on the main vessel junction near the
embryo, and the eggs were monitored for 24 and 48 h. Finally, the CAMs
were photographed and analyzed using AngioTool and ImageJ® to
quantify the total vessel length and the number of junctions.

2.7. Statistical analysis

All the experiments were carried out in triplicates and were reported
as means + standard deviation (SD). Statistical analysis (Two-way
ANOVA) was carried out and the differences were considered significant
if p < 0.05.

3. Results and discussion
3.1. Characterization of the CaOz-loaded PCL particles

The PCL particles exhibited a spherical shape and displayed a size
distribution ranging from 2 to 40 pm (Fig. 2a and b), along with surface
porosities at the nanoscale (Fig. 2, c1-2). The BET surface area of 0.155
m? g1, adsorption average pore diameter of 10.77 nm, and desorption
average pore diameter of 3.9 nm were obtained for the particle poros-
ities. These values are consistent with the nanometer-scale porosity
observed, which is in line with gas adsorption methods’ accuracy for
pore sizes below 300 nm[37]. However, the SEM images showed the
presence of relatively larger pores, ranging from 20 to 600 nm (Fig. 2,
c1-2) which can be attributed to the evaporation of the hydrophobic
phase (DCM) and the decomposition of CaO2[11,20]. This discrepancy
between the SEM images showing larger pores and the BET analysis
showing smaller nanoscale pores can be attributed to the differences in
the techniques’ sensitivities and the specific characteristics they capture.
SEM provides a surface view of the particles, allowing us to observe the
larger pores on the outer surface. On the other hand, BET analysis in-
vestigates the particle’s internal porosity, revealing the fine pores within
the particles which are likely to contribute to the overall surface area of
the particles. It is essential to consider that gas release is a complex
process influenced by several factors, including the size and distribution
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Fig. 2. (a) SEM micrograph images of P0.1, P0.25, P0.5, and P1 wt vl particles, (b) Microscopic images of P0.1, P0.25, P0.5, and P1 wt vl particles, (c 1 and 2)
SEM micrograph images of P1 wt v_! particles, pores were circled in yellow, (d) encapsulation efficiency (wt wt™! %), (e) CaO, loading content (wt wt* %), and (f
and j) fluorescent images of CaO, and P0.1, P0.25, P0.5, and P1 wt vl particles stained with alizarin red to investigate the distribution of incorporated CaO, into the
particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of pores and the nature of the encapsulated material. Therefore, the
presence of both larger and nanoscale pores in the PCL particles may
play a significant role in regulating the release kinetics of Oz from the
encapsulated CaO,. This observation is one of the limitations of our
study and further studies are required to elucidate the exact mechanisms
governing gas release and the relationship between the particle porosity
and release kinetics.

The average diameter of the particles was measured to be 12.0+0.3
pum, which aligns with a previous study where PCL particles containing
CaOg, produced using the same methodology, had a reported diameter
of 11.7 pm[20]. The encapsulation efficiency of the PCL particles con-
taining 0.1, 0.25, 0.5, and 1% wt vlof CaO, was determined as 64.6
+2.3 %, 63.2+3.4 %, 68.0+1.2 %, and 72.3+4.1 % respectively,
(Fig. 2d). An increase in the CaOy concentration results in a higher
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encapsulation efficiency and an increase in the CaO; loading content
(Fig. 2e). This trend has been previously observed in the case of poly
(lactic acid) (PLLA) particles, where an increase in the CaO, concen-
tration from 0.2 to 0.5 wt%, with a constant PLLA concentration,
resulted in an increased encapsulation efficiency[11].

The distribution of the loaded CaO, within the PCL particles was
analyzed using alizarin red staining. Fig. 2f and j indicated that CaO,
was encapsulated within the PCL particles. However, the CaO, was not
uniformly distributed throughout the particles. This non-uniform dis-
tribution of CaO, is also reported in particles synthesized through
different methods such as electrospray and oil/water phase methods
[20,38]. After evaluating the encapsulation efficiency and CaO; loading,
the P1 particles with the highest CaO, loading content of 6.9+1.7 %
were selected for further O, release and kinetic studies.

3.2. Characterization of the PFC-chitosan

The conjugation of PFC groups on the chitosan chains occurs via
Schiff base formation or nucleophilic substitution between the free
primary amino groups of the chitosan and chloride of the PFCs[22]. The
acidic media of the reaction leads to a preferentially favored reaction for
primary amine instead of hydroxyl groups in the chitosan[22]. The
presence of PFCs on chitosan was indicated by the appearance of four
peaks between —125 to —79 ppm in the 19F NMR spectra of PFC-
chitosan (Fig. 3a). The substitution degree of PFC on the chitosan was
calculated to be 39.8%. It has been reported that the cytotoxicity of the
modified chitosan and methacrylated chitosan with PFCs increases with
a substitution degree greater than 37-42%(22,23,30]. The results of the
'H NMR confirmed the attachment of PFCs to the chitosan chain, as
indicated by a chemical shift in the peak related to the nearest carbon-
hydrogen to the primary amines of chitosan (C-H) (represented in
pink in the chitosan structure, Fig. 3b). The peak shifted from 3.15 ppm

a)
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before conjugation to 3.37 ppm after conjugation (Fig. 3b). The sharp
peaks at 1.98 and 3.85 ppm in the 'H NMR of PFC-chitosan are attrib-
uted to deuterated THF.

FTIR spectra of PFC-chitosan exhibited two peaks at 1146 and 1202
cm_l, which were attributed to the fluoro compound (Fig. 3c)[39].
Additionally, two peaks related to the symmetric and asymmetric
stretching of primary amines of the chitosan, which were dominant over
hydroxyl group peaks, were observed at 3277 and 3351 cm™[40,68].

3.3. Morphology, topography, hydrophilicity, and degradation of the films
containing particles

The AFM results of the chitosan, P1F0, and P1F1 (1:1 wt wt™ D) films
are presented in Fig. 4a. While the chitosan film and P1F0 displayed
uniform structures[41], the roughness of the P1F1 surface was height-
ened by the incorporation of the particles. The height difference be-
tween the peaks and valleys of the P1F1 was >300 nm, whereas the
height difference for the chitosan and P1F0 film was <30 nm. The
presence of the particles on the surface of the films was also observed by
the SEM images (Fig. 4b).

The surface and bulk hydrophilicity of chitosan, P1F0, and P1F1
films were studied to understand the impact of PFC-chitosan’s hydro-
phobicity on the O release rate. The water contact angle (WCA) was
measured as an indicator of hydrophilicity. The substitution of the free
amines groups in the chitosan with hydrophobic fluorine groups was
found to increase the WCA from 73°+3 to 103°+2 (Fig. 4c). The chitosan
modification with PFC also led to a reduction in the film swelling ratio,
causing a decrease in water uptake by 22.2% in comparison to the pure
chitosan film.

The incorporation of CaOs-loaded PCL particles had no noticeable
effect on the surface hydrophilicity of the film and the WCA remained
95°+2. However, the swelling of P1F1 was higher than that of the P1F0
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Fig. 3. (a) 19p NMR, (b) H NMR and (c) FTIR of the chitosan and the PFC-chitosan film.
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Fig. 4. (a) SEM of the surface of P1F1 and P1F0.5 films with two magnifications 6000X and 12000X, (b) AFM of chitosan, P1F0, and P1F1, (c) WCA, (d) swelling

ratio (%), and (e) degradation of chitosan, P1F0, and P1F1 films.

film at all tested time points. This could be attributed to the creation of
porosities caused by incorporating the particles into the film, which can
increase the swelling ratio of the P1F1 (Fig. 4d).

Conjugating of PFCs on chitosan decreased the degradation rate of
chitosan, and the ultimate mass loss percentage of chitosan and P1F0
was 40.1 and 29.9%, respectively (Fig. 4e). Therefore, the PFC groups
with a hydrophobic nature reduced the hydrophilicity and increased the
stability of the chitosan film. The bond between carbon-fluorine with an
energy bond of 450 kJ/mol is known as the strongest existing covalent
bond. Furthermore, each fluorine atom is surrounded by 3 pairs of
nonbonding electrons, which make them stable[42]. Therefore, PFCs are
resistant to degradation by bases, acids, reductants, oxidants, photolytic,
microbes, and metabolic processes with a half-life of approximately 2 to
8 years in the human body [43]. PFC compounds are generally safe for
biomedical applications where the material is not intended for long-term
exposure to a body which results in accumulation in tissue such as the
liver or blood. The observed degradation associated with PFC-chitosan

films can be attributed to the degradation of chitosan rather than PFC.

3.4. Release and kinetics of Oz and H202 from the particles

According to Egs. (6) and (7), the decomposition of CaO; can lead to
the production of O3 and H0,. To evaluate the impact of encapsulating
CaO; within a hydrophobic shell (in this case PCL), the release and ki-
netics of O, and Hy05 generated from the P1 particles were compared
with those generated from uncoated CaOa.

1
Ca0, +H,0-Ca(0OH),| + 501 (6)
Ca0, + 2H,0—Ca(OH), | +H,0, %)
3.4.1. Effect of normoxia

The concentration of O in the solution and gas phases and Hy0- in
the solution phase increased upon the addition of CaO, and P1 particles
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to the release media (Fig. 5a — ¢, and Table 3). This simultaneous gen-
eration of Oy and Hy05 from CaO; was previously documented by Wang
et al.[19] Furthermore, Wu et al. and Hsieh et al. have demonstrated
that the incorporation of CaO; into hollow mesoporous silica nano-
particles with polyacrylic acid and poly lactic-co-glycolic acid micro-
particles, respectively, results in the generation of Oy and HoOy upon
introduction to PBS[44,45].

The cumulative HyO» concentration generated by 15 mg of CaOy
reached a maximum of 632.80 uM after 80 min, which marks the
“termination time” of CaO, and signifies the point when its decompo-
sition ceased (Fig. 5c and Table 3)[19]. The HyO5 concentration
remained constant until the 48th hour (Fig. 5c). Likewise, it has been
demonstrated that the reaction of CaO, with water results in the im-
mediate generation of HyOg, leading to a rapid increase in the cumula-
tive concentration of HyO, which subsequently stabilizes at a constant
level[44-47]. For example, the reaction of 10 ug mL™! of CaO, with
water at room temperature generated 75 pM of HyO, immediately[46]
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and the cumulative concentration of H,O, remained stable at this level
for 7 h[46].

Two primary factors have been proposed to account for the rapid
termination of CaO, decomposition. The first is the elevation of the pH
level in the Hy05 release medium, which results from the generation of
calcium hydroxide as a secondary product of the CaO; (Egs. (6) and (7))
decomposition and therefore increases the pH of the media[48]. In our
work, during the release study, the pH of the release media (DI water)
increased from 7.4 to 9.8 by CaO, decomposition.

Secondly, the rate of HyO, release can be regulated by its diffusion
through the solid layers of calcium hydroxide[48,49]. Additionally,
although CaO; decomposition produces Oy, the pressure in the solution
phase remained constant at 1 bar, which was measured by the O,
analyzer. Therefore, the rapid termination time of CaO; release cannot
be attributed to changes in the pressure within the release medium, as
predicted by Le Chatelier’s principle.

The hydrophobic PCL shell extended the termination time of CaO, by

O2 release in normoxia
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Fig. 5. (a) O, release from CaO,, PO, and P1 particles in normoxia in the solution phase (the initial concentration of O, in the solution phase was approximately 205
uM), (b) O, release from CaO,, PO, and P1 particles in normoxia in the gas phase (the initial concentration of O, in the gas phase was approximately 250 uM), (c)
H,0, release from CaO,, PO, and P1 particles in normoxia in the solution phase, (d) H,O- release from CaO, and P1 particles in hypoxia in the solution phase, (e) O
release from CaO and P1 particles in hypoxia in the solution phase, and (f) O release from CaO; and P1 particles in hypoxia in the gas phase.
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Table 2
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the decrease in O, concentrations after the maximum release was faster
and higher than in normoxia (Fig. 5a and 5e, and Table 3). Liu et al. have
previously reported that the concentration of O, from CaO4 was reduced
more than the covered CaO by lauric acid after reaching the maximum
0O, concentration [46].

3.4.3. Effect of the different volumes of the release media

We monitored the concentration of O in both the solution and gas
phases for 25 mL and 50 mL release media volumes and only in the
liquid phase for the 100 mL volume due to the lack of space for the gas
phase (Fig. 6a and b).

Results showed that the cumulative concentration of HyO, generated
from CaO; and P1 particles was similar and unchanged by the volume of
the release media (Fig. 6a and Table 3). The termination time of CaO5
was determined to be 50 min, consistent with the termination time
under the hypoxia condition.

Reducing the release media volume decreased the O, concentration
in the solution but increased the Oy concentration in the gas phase.
However, the total amount of O generated from a constant amount of
CaO; remained unaffected (Fig. 6b and d, and Table 3). A decrease in Oy
concentration was observed at 25 mL and 50 mL due to the transfer of Oy
from the solution phase to the gas phase, but not at 100 mL due to the
full volume of the reactor with the solution phase (Fig. 6b and ¢, and
Table 3).

3.4.4. Effect of the amount of CaO2

As the initial amount of CaO, increased, the concentration of Oy and
H20; increased (Fig. 7a —d). The cumulative concentration of HoO5 from
CaO3 and P1 increased by increasing the amount of CaO; (Table 3). As
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previously reported[19], an increase in HyOs concentration was
observed over a longer period as the amount of CaO; increased.

The termination time of CaO, based on Oy concentration from CaO,
shifted to shorter times. The termination time for 5 mg of CaOy was 66
min, while that for 25 mg was 45 min. The HyO, and O release from
CaOs, confirms the previous report indicating that the release patterns of
H30, and O, from CaOj follow pseudo-zero-order and pseudo-first-order
kinetics, respectively[19]. This difference in the rate of O release may
be due to the reactant being solid CaO, instead of CaO5 dissolved in
water[19].

The concentration of Oy and HyO» gradually increased over time as
the release media penetrated the inner part of the P1 particles through
nanosized porosities (as depicted in Fig. 2¢c and from the gas adsorption
results), and the trapped CaO; was decomposed. We acknowledge that
the nanosized porosities play a significant role in the water permeation
rate through the particles and decomposition rate. On the other hand, it
is challenging to achieve control over the size of porosities during the
synthesis process using water/oil precipitation. Therefore, the limitation
of this work is to study the impact of the size of porosities on the CaO,
decomposition rate.

Table 2 summarizes some of the methods used to mitigate the
decomposition of CaOy along with their corresponding initial release
outcomes. The methods that have a short initial O release are used for
cancer therapy, while the methods that have an extended O, release
time are utilized for wound healing and angiogenesis.

3.4.5. Effect of catalase
H0, as low as 30 uM has also been reported to exhibit cytotoxicity
[52,53]. An excessive generation of HyO, leads to oxidative stress and
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of the loaded CaO, in the outer layer of the PCL particles.

cell damage [54]. The release of O, from P1 particles was investigated in
the presence of catalase. The use of catalase may decrease the potential
toxicity of HoO2 for cells and wound healing, and increase the efficiency
of the particles in Oy generation by decomposing H2O5 to Os.

2H202—>2H20+02 (8)

The decomposition of HyO, to O is mediated by a two-step mech-
anism that is dependent on the specific type of catalase under exami-
nation. The mechanism involves the oxidation of the heme cofactor
through the use of a single molecule of Hy0», resulting in the formation
of an oxyferryl species (Eq. (9)). This process leads to breaking O-O bond
of the Hy0,, creation of a porphyrin cation radical intermediate, and

11

forming water. In the subsequent stage, the intermediate (compound I)
is reduced by a second molecule of HyOo, resulting in the regeneration of
the resting state enzyme and the release of water and Oy (Eq. (10))
[56,671.

Enz(Por + fFe"’) +H202—>deI(P0r + —Fe"V = 0) + H,0 9

Cpdl (Por™ — Fe'¥ = 0) + H,0,~Enz(Por — Fe'") + H,0+ 0, 10)

The effect of catalase on the O, and H5O5 release of CaO, and P1
particles was studied under hypoxia in 100 mL of the release media at
pH 7.4, and room temperature. The results showed that the presence of
catalase accelerated and increased the O release from both CaO5 and P1
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particles (Fig. 8a and b, and Table 3).

According to the concentration of HyO2 and Oy from CaO; and P1
with and without catalase, the concentration of O, produced from CaO,
and P1 particles with catalase was close to the sum of O, concentration
generated from the CaO, and P1 without catalase and the theoretical
amount of Oy that can be produced by the released HyO» from them
(Table 3). Therefore, catalase could enhance the efficiency of the PCL
particles in producing O by decomposing the generated HoO5. No HoO
was detected from the release media containing catalase.

The concentration of O from P1 particles increased progressively
until 96 h and then was constant for 2 days, which marked the termi-
nation time of loaded CaO, into PCL particles (Fig. 8c).

3.4.6. Kinetic of Oz and H203 release from the particles

The kinetics of Oy and HoO5 from CaO, were investigated from ty to
the termination time of CaOs. The kinetics related to P1 was calculated
in the first 5 h, where the particles showed rapid release.

The kinetic of generated O3 and Hy05 from CaO5 decomposition is a
heterogeneous reaction. According to the release of H,O5 with different
amounts of CaO, and P1 particles (Fig. 7a and b), the apparent release
rate of HypO3 (ry,0,) may follow a pseudo-zero-order kinetic pattern,
where the rate of the reaction is independent of the concentration of one
or more reactants. In this case, the rate of HyO, release may not be
affected by the concentration of CaO,, but rather by the surface area of
the solid and is described by the following Equation: [19]

ino, = (—d(c”“’z) an

i > = ko0,  (Ccuo,)’

Where t is the release time, and Cy, 0, is the concentration of HyO at
different times. As shown in Fig. 9a, the HyO, concentration from P1
particles with different amounts of CaO, grew with the same trend. All
the release curves fitted the pseudo-zero-order kinetic (R? >95). The
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constant release rates of HyO2 (ky,0,) showed a change at about 1 h for
all the particles, which was equal to the termination time of CaO, in
hypoxia.

Therefore, the kinetic of the released HoO, from the particles could
be divided into two parts with different rates. Part 1: ty = zero to t; = the
termination time of CaO,; part 2: t; to t; = end of the rapid release
(Fig. 9a —h and Table 4). The ky,0, of P1 particles containing 5, 15, and
25 mg of CaO, was approximately the same in part 1 (Table 4), which
shows the independency of the kinetic of Hy05 to the initial amount of
Ca05[19].

In contrast, the generated O from the decomposition of loaded CaO,
in the PCL particles is affected by the CaOy amount and follows a
pseudo-first-order reaction (Fig. 9b) where the rate of the O generation
is proportional to the concentration of the limiting reactant (the loaded
Ca0y). According to Egs. (6) and (7), CaOz is consumed to generate Oq
and HyO5 so that the CaOy amount at each reaction time define by
subtracting the consumed CaO- in both reactions (Egs. (6) and (7)) from
the initial CaO, amount[19]. Therefore, the CaO, amount at each re-
action moment will be Cy —Cy,0, —2Co,. Where “Cy” is the initial
amount of CaO, (M). Hence the O rate (ro,) can be determined by Eq.
(12) [19].

d(Coz)
dt

Co — Cu,0, — 2Coz)
dt

1
I'OZ = Ekoz ( (12)
Where ko, is the constant of the apparent O, release rate. Eq. (12) can

be transformed into Eq. (13) [19], in which its slope determines the ko, .

CO - CH202 - 2CQ2

—Ln
( Co,

) =ko, Xt 13)
The proposed model suggests that the amount of CaO5 has a signif-
icant influence on the rate of O, release. It is evident that the natural

logarithm of the ratio between the remaining CaO, and the
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pHs at 37 °C.

concentration of Oy follows a linear relationship with time, with the
slope representing the rate constant (ko,). Therefore, the value of ko, at
the time “t” is influenced by the initial amount of CaO,, as well as the
concentrations of generated HyO5 and O, at that specific time. Our re-
sults demonstrate that increasing the initial amount of CaO, leads to an
increase in ko, , as depicted in Fig. 9b. The kinetic behavior of O release
differs from that of HyO, release, which follows a pseudo-zero order
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reaction pattern. This disparity is believed to be due to the nature of the
reactant involved in the O, release process, particulate CaOo, as opposed
to dissolved CaO; in water. As a consequence, the concentration of CaO,
in the slurry can have a direct impact on the reaction, as reported in[19].

Fig. 9c and d depict the kinetics of O3 and H,0; release under hypoxia
and normoxia at room temperature, pH of 7.4, and a solution volume of
100 mL. The results demonstrated that hypoxia accelerated the
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Table 4
ku,0, and ko, related to the CaO and P1 particles in hypoxia and normoxia.

Samples ko, (WM 'h™) kn,0, (M Th™h)

Part 1 Part 2 Part 1 Part 2
CaO, in normoxia 0.992 - 458.760 -
CaO, in hypoxia 1.194 - 675.600 -
P1 in normoxia 0.164 0.020 107.550 24.430
P1 in hypoxia 0.249 0.025 149.650 25.570

decomposition rate of CaOq, increasing the rate constants (ky,o, and ko,)
(Table 4). The higher value of ky,0, compared to ko, under the same
conditions suggests that the dominant reaction in the CaO, decomposition
is the generation of HyoO5 (Table 4), as stated by wang et al[19].

Under hypoxic conditions, the rate of O and HoO5 generation from P1
particles increased in both parts. In part 1, the rapid release of Oz and HyO2
was attributed to the decomposition of partially covered CaO,, as
demonstrated by the simultaneous changes in the rate constants (ky,0, and
ko,) at the termination of CaO,. In contrast, in part 2, the growth of O3 and
H,0 concentrations was slower, as water penetrated the PCL particles via
nanoscale pores on their surface and reacted with the encapsulated CaO,.

Since wounds can have different pH [17] and temperature [18], the
final yield and kinetic of H,O5 and O3 from P1 particles were explored in
various pHs (6, 7.4, and 9) and temperatures (room temperature and
37 °C) under hypoxia (Fig. 9e — h).

The changes in ko, and ky,o, were closely linked to the termination
time of CaO, decomposition, as shown in Table 5. By increasing the pH
from 6 to 9 at a given temperature, the ko, and kg, 0, decreased (Fig. 9e —
h and Table 5). Moreover, increasing the temperature at a given pH
accelerated the O, and HyO5 release rate (Table 5).

The yield of O increased and the yield of HoO4 decreased as the pH
was raised at a constant temperature. In addition, increasing tempera-
ture at a fixed pH resulted in an increase in O yield and a decrease in
H,0; yield. The improvement in O yield at higher temperatures and pH
could be attributed to the decomposition of Hy04[19]. It is suggested
that the thermal decomposition process could accelerate the decompo-
sition of HyO, at elevated temperatures[56]. It is hypothesized that the
release of HyO5 from CaO; occurs through a two-step mechanism. First,
Ca0O4 decomposes when in contact with water, forming peroxide (0%’)
and calcium (Ca?*) ions. Second, the generated O3 reacts with
hydrogen ions (H") to produce H2O-. In an acidic environment, char-
acterized by an abundance of H' ions, the decomposition of CaO, is
enhanced, increasing in ko,, as evidenced in Table 5.

Moreover, previous research by Wang et al.[19] has proven that the
plot of Inko, versus 1/T for CaO2 decomposition follows a linear rela-
tionship. Therefore an increase per degree of temperature can lead to an
increase in the ko,. When temperature increases, the exponential term in
the Arrhenius Equation becomes more significant, leading to an increase
in the rate constant. This is due to the greater thermal energy available
to the reacting molecules, resulting in higher collision frequencies and
more successful collisions with sufficient energy to overcome the acti-
vation energy barrier.

Table 5
ko,andkp,0, of the generated O, and HyO, from P1 particles under various
temperatures and pHs.

pH ko, (@M 'h™h) ka0, (WM 'h ™)
RT* 37°C RT* 37°C

P1, pH of 6, part 1 0.375 0.567 209.400 323.790
P1, pH of 7.4, part 1 0.249 0.270 149.650 268.270
P1, pH of 9, part 1 0.174 0.199 99.600 123.210
P1, pH of 6, part 2 0.025 0.033 24.306 24.727
P1, pH of 7.4, part 2 0.025 0.032 25.570 25.791
P1, pH of 9, part 2 0.015 0.021 20.641 16.945

*RT means room temperature.
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During the inflammatory phase of an acute wound, the wound
temperature increases due to infection and inflammation[57]. Hence,
CaOy-loaded PCL particles can supply more Oy with a higher ko, in an
infected wound than a normal wound. Furthermore, bacteria present in
the wound environment produce ammonia, resulting in an alkaline
wound, which can increase the O5 yield from the CaOy-loaded PCL
particles. However, the rate of increase is slower compared to that of a
wound with an acidic pH.

The release of HyO, from CaOs-loaded particles was the dominant
reaction. This aligns with previous findings that the CaO, decomposition
reaction is influenced by pH and temperature, and also H,O5 being the
major product[19]. Thus, the incorporation of CaO; into a hydrophobic
shell did not alter the CaO, decomposition reaction. However, the hy-
drophobic shell extended the duration of the decomposition reaction.

3.5. Release and kinetic of O2 and H202 from films containing the
particles

The challenge associated with utilizing O,-generating biomaterials
lies in the toxic burst release. Despite the efforts to extend the release
rate by encapsulating the biomaterials within hydrophobic shells, these
shells are unable to mitigate the initial burst release[7]. While the PCL
shell could sustain an Oy supply for up to 96 h, the release rate was still
rapid. To address this issue, the P1 particles were incorporated into PFC-
chitosan films, facilitating the controlled release of generated Oo
through the PFC groups.

Fig. 10a — d and and Table 6 present the release and kinetics of O
and H2O3 from P1 particles and films. Given that CaO might partially
decompose during the film synthesis process since the PFC chitosan was
dissolved in a mix of THF and water, an excessive amount of P1 particles
were added to the films to compensate for the decomposed amount of
Ca0O,. Knowing that the synthesis takes 1 h, we calculated the decom-
posed amount of CaO; by converting the concentrations of Oy and H205
that can be released during this time to the gram of CaOs. This calculated
amount of P1 was then incorporated into the PFC-chitosan films.

Incorporating P1 into the PFC-chitosan film acted as a second barrier
and reduced the yield of Oy and HyO» (Fig. 10a and b). The impact of
PFC-chitosan films on the release of O, was more intense than HyO5
since the change in ko, of P1F0.5 and P1F1 was higher than the change
in ky,0, of P1F0.5 and P1F1 when compare to ko, and ky,o, of P1
(Table 6). By increasing the PFC-chitosan the ko, decreased (Table 6).
Therefore, incorporating the particles into the PFC-chitosan films could
decrease the initial burst release of O,.

In contrast, PFC-chitosan films did not affect on kinetic of H0s.
Therefore, it can be concluded that PFC groups could dissolve the
generated O, and release the dissolved O in a controlled manner due to
the weak intermolecular forces (van der Waals interactions) between Oo
molecules and PFC groups (Fig. 10c and d)[58].

The ko, of P1F0.5 and P1F1 in part 2 were higher than ko, of P1 that
showed PFCs groups supplied the generated O in part 1 with a sustained
rate in part 2. The change in the ko, and ky,0, at the termination of the
Ca0O4 was observed even with incorporating P1 into the PFC-chitosan
film. Similar to the particles, it was assumed that covered CaOs in the
outer layer of PCL with more possibility of exposure to water changed
the rate of the releases. Partially encapsulated CaO, was detected on the
surface of the films (Fig. 4b).

The conjugated PFCs groups on different polymers have been utilized

Table 6
ko,and ky,o, of the generated O, and H,0, from P1, P1F0.5, and P1F1.

Samples ko,(uM 'h™") Kn,0, (1M Th ™)

Part 1 Part 2 Part 1 Part 2
P1 0.249 0.028 149.650 25.572
P1F1 0.146 0.044 119.740 31.082
P1F0.5 0.141 0.037 137.570 24.157
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Fig. 10. (a and b) H,0, and O, release from P1, P1F0.5, and P1F1, (c and d) the kinetics of H,O, and O, from P1, P1F0.5, and P1F1, and (e) O, preserving of CaO,,
P1, P1F0.5, and P1F1 at pH of 7.4 and the room temperature in 100 mL of the release media with normoxia condition.

as Op-carrying materials[23,59,60]. Fluorinated methacrylamide chi-
tosan (MACF) hydrogels were synthesized by Patil et al. to deliver O for
enhancing collagen synthesis in wound healing[30]. Since the MACF
hydrogels had not self an O,-generating ability, the hydrogels were
needed to saturated by Oa. It was reported that the saturated hydrogels
increased the partial pressure of Oy from 159 mmHg, which is the at-
mospheric O, tension, to 265 mmHg in 1 h. After 2 days the partial
pressure of O decreased to 169 mmHg.

Moreover, Wijekoon et al synthesized MACF hydrogels with different
types of fluorine groups to design adaptable O, carriers [23]. All the
designed hydrogels required to be saturated and could supply O for up
to 14 h. While our PFC-chitosan can generate Oy in situ without needing
to be saturated by pure Oz and provide O,.

3.6. Og preservation of the particles and films

Given that the ko, of the films was higher than the ko, of CaO2 and P1
(Table 4 and Table 6), it was hypothesized that the films could sus-
tainably release dissolved O, by PFCs groups. The preservation ability of
O3 in the films and particles was studied by adding a certain amount of
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samples containing 15 mg of CaO3 in 100 mL of unsealed release media
at room temperature and a pH of 7.4, in normoxia.

The concentration of O, generated from CaO; exhibited a reduction
from 456.63 uM to 209.13 uM within less than 24 h (Fig. 10e). However,
P1 demonstrated the capability to generate Oy for 96 h (Fig. 8c) and
thereby exhibited a higher concentration of O, than CaO. The intro-
duction of PFC groups onto chitosan resulted in an improved ability to
preserve Oy, as evidenced by the final concentration of O, after 268 h for
P1F1 being 26.32 pM higher than that of P1. Moreover, the augmenta-
tion of PFCs content in PFC-chitosan films further improved the ability
to preserve the generated O, in comparison to P1, as demonstrated by
P1F0.5 (Fig. 10e). The incorporation of Op-generating particles into
PFC-chitosan facilitated the binding of O, thereby leading to an
augmentation of Oy preservation.

Therefore, the utilization of PFC-chitosan films not only exhibited
the ability to decelerate the initial burst release of O from P1 particles
but also extended the supply of Oy in the release media. The Oy-pre-
serving capability of PFC groups has been leveraged extensively in
delivering O to wound sites. For example, Niu et al. developed hydro-
gels with a high capacity for preserving O, wherein the hydrogels with
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PFC groups exhibited a significantly higher concentration of O, after
168 h, in contrast to those without such groups[61].

3.7. The potential of the films to provide Oz for wound healing

The requirement for Oy concentration and its role in each phase of
wound healing differs[62]. Studies have estimated that wound O, ten-
sion varies in different parts of the wound during the inflammatory
phase, with values ranging from 0 to 10 mmHg in the center, 60 mmHg
at the periphery, and 100 mmHg in the arteries[62]. It has also been
noted that fibroblasts responsible for depositing collagen require an Oz
tension of 30-40 mmHg[62]. To ensure optimal wound healing, wound
dressings must provide the necessary concentration of Os. A study by
Zhang et al. presents the development of Gelatin Methacryloyl (GelMA)
based microneedles containing hemoglobin as a means of delivering Oy
to the wound site[63]. The microneedles were able to generate
approximately 45 mmHg of O5 in PBS buffer in the presence of a near-
infrared ray (NIR). It has been demonstrated that microneedles are
effective in treating wounds in a type I diabetes rat model[63].

P1 particles containing 15 mg of the loaded CaO, were able to
generate a constant amount of 179.01+13.50 uM of Oy (Table 3).
Assuming a constant temperature (room temperature) and constant
pressure (1008 mbar), this O, release equates to 107.03+11.50 mmHg.
Thus, the necessary quantity of particles can be calculated based on the
wound stage and the required O, pressure to provide the necessary Oy
pressure for wound healing.
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In the present work, the PCL particles extended the termination time
of CaO5 decomposition from 50 min to 96 h. Other methods of incor-
porating CaO, into PCL, such as W/O emulsion, single nozzle electro-
spray, and co-axial nozzle electrospray, have been reported to provide
O, release for periods ranging from 96 h to 144 h. The synthesized
particles increased the dissolved O tension to approximately 25-35%
on the first day, with the concentration decreasing over time (low Oy
preservation)[20]. The electrospray synthesis of PCL particles contain-
ing CaO2 by Morais et al. resulted in a 168-hour release of Oy, with the
maximum concentration observed at the end of the first day[38].

3.8. Invitro assays

The results indicated that particles and films containing CaO,
without catalase showed significantly higher ROS production compared
to the control and samples containing CaOs in the presence of catalase
(Fig. 11). These findings suggest that the generated HyO5 from CaOq
decomposition has the potential to induce oxidative stress and cellular
damage. However, the presence of catalase in the cell media allowed the
generated HoO, to decompose to water and O, without showing ROS
production.

Cell viability of the samples was studied in normoxia and hypoxia to
investigate the effect of the generated Oz and H20; as well as modifi-
cation of chitosan by PFC groups and loading CaO, into PCL particles on
the cell viability. The particles and films containing CaO, without
catalase had significant cell toxicity in both hypoxia and normoxia
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Fig. 11. (a) ROS generation in Fibroblast cells before (control) and after treatment by PO, P1, chitosan, P1F0, P1F0.5, and P1F1 with and without catalase, (b) the
normalized value of the green intensity from control, PO, P1, chitosan, P1F0, P1F0.5, and P1F1 with and without catalase after 1-day incubation, and (c) the
normalized value of the green intensity from control, PO, P1, chitosan, P1F0, P1F0.5, and P1F1 with and without catalase after 2 days incubation. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 12) due to the oxidative stress caused by the H,O, generated from
the CaOy decomposition, as indicated by the ROS generation results
(Fig. 11). However, the use of catalase to decompose H30- into O, and
water alleviated the cell toxicity of particles and films containing O»-
generating sources.

In normoxia, P1 particles with catalase showed lower cell viability
than the control, P1F0.5, and P1F1 with catalase at days 2 and 4 due to
the high O, generation rate from P1. However, P1F0.5 and P1F1 had the
same cell viability as the control due to their lower O release compared
to P1/catalase.

The particles and films containing CaO; could alleviate hypoxia and
increase cell viability in the presence of catalase. Moreover, the com-
parison of cell viability of chitosan and P1F0 in hypoxia and normoxia
showed that the modification of chitosan with PFCs groups did not have
a toxic effect. Additionally, the comparison between the cell viability of
PO and P1 revealed that the observed toxicity in P1 was due to the
generated Hy0, from CaO, decomposition.

Increasing the supply of O3 has been shown to have positive effects
on promoting angiogenesis and epithelialization and reducing inflam-
mation. Thus, the potential of P1F1 films to generate simultaneous HoO»
and O, for treating vascular disorders was investigated using the CAM
assay. The total length (% mm mm™') and number of blood vessel
junctions around P1F1 and P1FO significantly increased over time, from
0 to 48 h after incubation (Fig. 13). Notably, the total length and number
of junctions in P1F1 at 24 and 48 h were higher than those of P1F0 and
the control, indicating that the simultaneous generation of O, and HyO4
improved angiogenesis in the CAM assay. These results correspond well
with previous findings demonstrating that acute oxidative stress and Oz
can stimulate the surrounding tissues, resulting in increased recruitment
of blood vessels and neovascularization [64-66].
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4. Conclusion

Incorporating CaOs into hydrophobic shells can prevent CaO,
decomposition and extend the release time of Oz. Embedding the par-
ticles, which contain CaOs, into PFC-chitosan films can effectively slow
down the initial burst release and enhance the preservation time of O in
the release media. This is due to an increase in O solubility in water
brought about by the presence of PFC groups.

The kinetic studies on Oy and HyO releasing of loaded CaO2 in PCL
particles and the particles embedded in PFC-chitosan films under
various conditions showed that the kinetics of O, releasing of either the
particles or the particles embedded in the film was different. The O,-
suppling time of the particles is shorter than that of the film. Further-
more, the Op-releasing rates of the particles are quicker than those of
PFC-chitosan films as well. The Oy and H;0, release kinetics were
affected by pH, temperature, and the concentration of initial CaO2 and
O, of the media (driving force). The release of HoO5 and O, was pH-
dependent, and at basic pH, O, generation was dominant. However,
we acknowledge that our study has certain limitations, including the
need for further investigations to elucidate the exact mechanisms gov-
erning gas release, particularly the role of both larger and nanoscale
pores observed in the PCL particles.

The particles and films containing CaO2 showed oxidative stress
without catalase and in the presence of catalase no oxidative stress was
observed. The particles with higher O, releasing rate than films have less
cell viability on normoxia. The simultaneous generation of O, and Hy04
improved the angiogenesis in CAM assay.
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Fig. 12. (a) Live/Dead™ and (b) cell viability of PO, P1, chitosan, P1F0, P1F0.5, and P1F1 with and without catalase.
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Fig. 13. Investigation of the angiogenic properties of the films in CAM assay. The films were placed on vessels junction and marked with a black rectangle. The first
column in each time point (0, 24, and 48 h) demonstrates chicken egg embryos incubated with P1F0 and P1F1 films for 0, 24, and 48 h. The second and third columns
show the images of the incubated chicken egg embryos with the films used for vessel length (% mm mm™1) and junctions numbers analysis by Angiogenesis Analyzer
in ImageJ®. As well as the total length and the total number of junctions of blood vessels around the samples have been quantified.
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