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Chronic wounds do not heal within a reasonable time frame due to hypoxia and bacterial inflammation, creating
an urgent need for advanced biomaterials to address these challenges. In this study, oxygen-generating, anti-
bacterial xanthan gum-polylactic acid (XA/PLA) aerogels loaded with dexamethasone were developed for the
first time for potential wound healing applications. The aerogels contained sodium percarbonate and calcium
peroxide as oxygen-releasing agents, providing sustained oxygen release for up to 48 h. The aerogels had a highly
porous structure with a high specific surface area (up to 396 + 8 mz/g) and revealed high liquid absorption
capacity in simulated body fluid, absorbing up to 67 times their original weight and remaining stable for 72 h.
The in vitro release tests showed controlled profiles of dexamethasone over 24 h. The antibacterial tests
demonstrated strong antibacterial activity against Escherichia coli (an up to 15.92 mm inhibition zone diameter)
and Staphylococcus aureus (up to a 31.07 mm inhibition zone diameter). The in vitro biocompatibility assays
revealed good cytocompatibility with mouse fibroblast cells (NIH/3T3), with a cell viability of >90%. Hemo-
compatibility tests showed no hemolytic activity with human blood (lysis rate <2%). Overall, these results

emphasise the versatility of the XA/PLA aerogels and their potential for the treatment of chronic wounds.

1. Introduction

Chronic wounds are complex and serious medical conditions
affecting millions of individuals worldwide, placing a significant burden
on healthcare systems in terms of both resources and costs [1,2]. These
wounds are usually characterised by chronic inflammation, bacterial
colonisation, and the formation of drug-resistant microbial biofilms
[1,3]. Another critical factor in the pathogenesis of chronic wounds is
hypoxia, defined as inadequate oxygen levels at the wound site, which
impede the healing process severely [4,5]. Addressing these challenges
necessitates the development of novel and versatile wound dressing
materials capable of eliminating bacteria, delivering drugs, and
oxygenating the wound site simultaneously.

Conventional dressings, such as gauze or bandages, provide pri-
marily physical protection but require frequent change, which can lead
to dehydration of the wound and disruption to the healing process [6,7].
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In contrast, advanced dressings like hydrogels and films create a moist
wound environment that promotes healing; however, they are associ-
ated with considerable limitations. For instance, hydrogels are unable to
absorb substantial amounts of wound exudate and exhibit poor stability
at room temperature. Additionally, their low gas permeability prevents
oxygen diffusion to the wound site, which is crucial for tissue regener-
ation. While hydrogels can incorporate drugs or therapeutic agents,
their release profiles are often uncontrolled, limiting their ability to
provide sustained or targeted delivery. Similarly, films provide a pro-
tective barrier against external contaminants, but tend to adhere to the
wound, causing discomfort upon removal. Their inability to absorb large
amounts of wound exudate limits their application to wounds with low
exudate production [8]. In addition, films are generally not custom-
isable, making it difficult to optimise their properties for specific wound
types or stages of healing [9-12].

Aerogels, with their exceptional properties, are emerging as
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promising materials for wound healing applications [13,14]. Unlike
hydrogels and films, aerogels have highly porous structures that enable
superior liquid absorption, allowing them to absorb large amounts of
wound exudate [15-18]. Their substantially larger specific surface area
allows the incorporation of bioactive compounds, such as antibiotics or
anti-inflammatory drugs, enabling a controlled and sustained release to
support the healing process more effectively [19]. In recent years, aer-
ogels produced from polysaccharides and biopolymers (commonly
referred to as bioaerogels) have gained recognition as ideal raw mate-
rials for producing wound dressings, due to their biocompatibility,
biodegradability and non-toxicity. Notably, recent studies have
demonstrated the efficacy of bioaerogels based on alginate [20], chito-
san [21] and pectin [9] in promoting wound healing by maintaining
moisture, exhibiting excellent fluid absorption and delivering bioactive
components in a controlled manner. Despite advances in commercial
wound dressings, many continue to face substantial limitations, such as
inadequate moisture management and limited antimicrobial or drug-
release capabilities. A brief comparison with aerogels is provided in
the Supplementary material (Table S1).

Xanthan gum (XA) is a biocompatible and non-toxic polysaccharide
[22,23] that has not yet received significant attention in wound dressing
development [10]. XA's hydrophilic nature enables it to bind water and
absorb large quantities of liquids, thereby creating and maintaining a
moist environment around the wound while absorbing wound exudate
efficiently [4,10,12]. In contrast, polylactic acid (PLA), a widely used
biopolymer in biomedical applications, is known for its biodegradability
and biocompatibility, making it tolerated well by the human body
[24-26]. PLA also provides structural support to the final material, and
enables controlled drug release [27], properties that are particularly
beneficial in wound healing [28,29]. The combination of XA and PLA in
aerogels can improve the mechanical stability, moisture retention, and
biocompatibility of the material synergistically. Additionally, this
unique polymer combination enables the incorporation of drugs and
oxygen-generating agents, which are advantageous in the treatment of
chronic wounds. The dual functionality of XA and PLA, with their
complementary properties, makes them ideal candidates for the devel-
opment of advanced wound healing materials.

An adequate oxygen supply is essential in hypoxic wounds for
cellular survival and function [2,30]. Oxygen serves as the terminal
electron acceptor in the mitochondrial electron transport chain and fa-
cilitates the generation of adenosine triphosphate (ATP), which is vital
for cellular processes [31]. Moreover, oxygen fuels cellular respiration,
which is critical for tissue repair [32,33]. It is also crucial for collagen
synthesis, angiogenesis and epithelial cell migration — key processes
involved in the various phases of wound healing [30,34,35]. To address
the challenge of oxygen delivery in hypoxic wounds, several oxygen-
releasing materials have been developed to promote wound healing by
providing a continuous oxygen supply [34,35]. These materials often
include solid oxygen-generating agents, such as calcium peroxide (CPO),
sodium percarbonate (SPO) and magnesium peroxide (MPO) [30].
Among these, MPO produces the least oxygen, due to its poor solubility.
Additionally, its commercial purity is much lower compared to that of
SPO and CPO [35]. Upon exposure to a moist environment, these per-
oxides decompose into their corresponding hydroxides and hydrogen
peroxide (H202). The H20- then decomposes further into oxygen and
water. While this reaction provides an adequate oxygen supply, it also
generates substantial amounts of cytotoxic reactive oxygen species
(ROS). To mitigate this issue, researchers combine peroxides with
catalase, an enzyme that converts H20: efficiently into oxygen and
water, thereby reducing ROS production and enhancing the safety of
these oxygen-generating systems [36,37].

Dexamethasone (DEX), an anti-inflammatory corticosteroid [38], is
used frequently in tissue engineering as a component of scaffolds
[39,40] and hydrogels [41]. It has been successfully used to support
growth, proliferation, and osteogenic differentiation of stem cells as well
as to reduce inflammation and promote tissue regeneration [38,42]. The
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mechanism of the action of DEX involves the suppression of pro-
inflammatory gene transcription and the enhancement of anti-
inflammatory processes [38,43]. By modulating these signalling path-
ways, the drug reduces inflammation and immune system activity
effectively [38], making it particularly valuable for the treatment of
various inflammatory conditions. However, the effect of DEX on wound
healing can vary, depending on the context and specific characteristics
of the wound [38,42]. Therefore, it is crucial to administer the drug in
controlled, small doses over a short period, to maximise its therapeutic
benefits and minimise potential side effects [38].

This study aimed to develop novel hybrid XA/PLA aerogels with
multiple beneficial properties that have the potential to support wound
healing. The main objective was to create a material with enhanced
characteristics for wound care, by incorporating oxygen-generating
agents (SPO and CPO) and the model anti-inflammatory drug DEX
into the XA/PLA aerogels. To achieve this, affordable and biodegradable
polymers were used without any chemical crosslinkers or toxic sub-
stances. Two aerogel formulations with different compositions were
synthesised by the sol-gel process and supercritical drying, as illustrated
in Scheme 1. The Oxygen-generating compounds (SPO and CPO) were
incorporated, and the amount of gas released was measured. The aero-
gels were impregnated with DEX, and its release profiles were evaluated
in vitro in simulated body fluid (SBF) over 24 h. To determine the drug
release mechanism, the release data were fitted with zero-order, first-
order, Higuchi and Korsmeyer-Peppas kinetic models. The physical and
chemical properties of the XA/PLA aerogels were characterised
comprehensively using advanced analytical techniques, including
attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR), scanning electron microscopy (SEM), and time-of-flight
secondary ion mass spectrometry (ToF-SIMS). Finally, the antibacte-
rial activity of the hybrid aerogels was assessed, and biocompatibility
tests were conducted to evaluate their suitability for potential wound
healing applications.

2. Materials and methods
2.1. Materials

The following chemicals were used as received: Xanthan gum from
Xanthomonas campestris (viscosity: 930 (cps) in a 1% H20 solution, CAS
number: 11138-66-2, LOT number: #SLBN1080V), catalase from
bovine liver (2000-5000 U/mg protein), Trizma® base (primary stan-
dard and buffer, >99,9% purity) were purchased from Sigma-Aldrich
(St. Louis, USA). Polylactic acid (molecular weight: 230000 g/mol,
granular, 3-5 mm nominal granule size, CAT: GF45989881-1EA) was
obtained from Goodfellow (Cambridge, U.K.). Ethyl lactate ((S)-
(—)-ethyl lactate for synthesis), sodium hydrogen carbonate for analysis
(ACS reagent) and sodium sulphate (ACS reagent, >99,0% purity), were
acquired from Merck KGaA (Darmstadt, Germany). Sodium percar-
bonate (available HyO2 20-30%), calcium peroxide (75%, -200 mesh),
calcium chloride dihydrate (ACS reagent), sodium chloride (>99,8%
purity) and anhydrous magnesium chloride (>98% purity) were pur-
chased from Sigma-Aldrich (Darmstadt, Germany). Potassium chloride
(>99,5% purity) and hydrochloric acid (>99,0%) were obtained from
Honeywell (Seelze, Germany). Dexamethasone (>99% purity) was ac-
quired from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Anhy-
drous potassium hydrogen phosphate (>98% purity) was acquired from
Kemika (Zagreb, Croatia). Absolute anhydrous ethanol for analysis (ACS
reagent, >99.5% purity) was purchased from Carlo Erba (Milan, Italy).
Ultra-pure water (18.2MQ cm at 25°C) produced by the Milli-Q® sys-
tem (EMD Millipore Corporation, USA) was used in all the experiments.

The acetate and pyruvate content of the XA was determined by
proton nuclear magnetic resonance (1H NMR) at 80 °C using sodium
acetate (ACS reagent, >99% purity, Honeywell Fluka™, Germany) as a
standard according to the previously described method [44]. The values
for the acetate and pyruvate content were 0.567 and 0.513 per side
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Scheme 1. Schematic of the hybrid XA/PLA-CSD aerogel synthesis process.

chain of XA, respectively. Detailed information on the sample prepara-
tion and characterisation procedures are in the Supplementary material
(Section S2).

2.2. Methods

2.2.1. Preparation of hybrid alcogels with active ingredients (XA/PLA-
CSD)

The preparation of hybrid XA/PLA-CSD aerogels included a sol-gel
reaction followed by supercritical drying, as illustrated in Scheme 1.
The acronym CSD represents C for catalase and CPO, S for SPO and D for
DEX.

The alcogels were synthesised by preparing a 4% (w/v) aqueous XA
solution. First, the XA was added to ultrapure water slowly while stirring
(400 rpm) to prevent the formation of non-dispersed lumps. The solution
was mixed for 1 h at room temperature (25 °C) until fully dissolved.
Then, a 0.01 mg/mL enzyme catalase solution was prepared in ultrapure
water, and an 8% (v/v) solution was added to the XA solution. Simul-
taneously, the PLA was added to ethyl lactate and mixed at 120-130 °C
until completely dissolved (approximately 2 h) to achieve final con-
centrations of 2% (w/v) and 4% (w/v). Then, 4% (w/v) SPO and 4% (w/
v) CPO were added to the PLA solution. Immediately afterwards, the XA
solution was mixed with the PLA solution under constant stirring (30 s)
and heating (55 °C). The resulting mixture was then poured into a Petri
dish, and absolute ethanol was added to stop the initial oxygen pro-
duction and initiate the gelation process. Afterwards, a 2.5 mg/mL DEX
solution in absolute ethanol was prepared (50 mg of DEX in 20 mL of
ethanol). DEX is highly soluble in ethanol and poorly soluble in non-
polar solvents, such as carbon dioxide (CO3), which was, later, used
for the drying step [45]. Once gelation was complete, the initial ethanol
was replaced with a DEX-ethanol solution. The gels were stored in the
solution for 24 h to ensure complete diffusion of the DEX throughout the

material. Finally, the XA/PLA-CSD alcogels were dried supercritically.
Two different ratios of XA/PLA were used, as summarised in Table 1.

2.2.2. Preparation of reference hybrid alcogels (XA/PLA)

Reference hybrid aerogels were prepared for comparison with the
XA/PLA-CSD aerogels. An aqueous solution of 4% (w/v) XA was pre-
pared by adding XA powder to ultrapure water slowly with constant
stirring (400 rpm) at 25 °C. The PLA was mixed in ethyl lactate at
120-130 °C for 2 h until the final concentrations of 2% (w/v) and 4%
(w/v) were achieved. After homogenisation of the starting solutions,
they were mixed under heating (55 °C). The resulting mixture was then
removed from the heater and poured into a Petri dish to form a gel.
Gelation was accelerated further by adding the absolute ethanol, which
removed the water and ethyl lactate from the original mixture. After 2 h,
the ethanol was replaced with fresh absolute ethanol, and the alcogels
were stored in this solution overnight until supercritical drying.

2.2.3. Supercritical CO2 drying

The prepared alcogels were dried using supercritical CO5 to preserve
their original structures. A supercritical extraction instrument (UHDE
GmbH, Dortmund, Germany) was used for the drying process. A 500 mL
autoclave was filled with absolute ethanol, and the XA/PLA-CSD or XA/
PLA alcogels were immersed. The system was pre-heated to 42 °C and
pressurised to 120 bars. Ethanol extraction was carried out for 6 h at a
CO-, flow rate of approximately 200 L/h. The system was then depres-
surised slowly and cooled to room temperature.

2.2.4. N3 adsorption-desorption analysis

The Brunauer-Emmett-Teller (BET) method was used to determine
the specific surface area (mz/g) of the XA/PLA-CSD and XA/PLA aero-
gels during the N, adsorption-desorption analysis. The corresponding
adsorption-desorption curves were plotted, and the pore size
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Table 1
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Composition of hybrid XA/PLA aerogels and N, adsorption-desorption analysis results.

Sample XA (g) PLA (g) EL (g) H.0 (g) DEX (mg) CPO (g) SPO (g) Catalase (mg) Sper (M2/g) Pore size (nm)
XA/PLA1 0.5 1.0 25.0 12.5 / / / / 342+ 7 18
XA/PLA2 1.0 0.5 25.0 25.0 / / / / 396 + 8 16

XA/PLA1-CSD 0.5 1.0 25.0 12.5 50.0 1.0 1.0 1.0 2 27
XA/PLA2-CSD 1.0 0.5 25.0 25.0 50.0 1.0 1.0 1.0 2 28

XA: xanthan gum, PLA: polylactic acid, CSD: catalase, calcium peroxide, sodium percarbonate, dexamethasone.

distribution was determined using the Barrett-Joyner-Halenda (BJH)
method. Prior to analysis, the aerogels were degassed for 10 h at 70 °C
under vacuum until a stable pressure of 10 pg Hg was reached. Subse-
quently, the measurements were conducted at —196 °C using an ASAP
2020 MP instrument (Micromeritics Instrument, Norcross, GA, USA).

2.2.5. Thermal analysis

Thermal analysis was used to evaluate the thermal stability of all
synthesised aerogels using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). Both measurements were performed
simultaneously with a TGA/DSC 1 instrument (Mettler Toledo AG
(MTANA), Ziirich, Switzerland). Approximately 10 pg of the aerogel
sample was placed into a 100 pL aluminium crucible alongside an empty
aluminium crucible, which served as a reference. The analysis was
performed under an Nj atmosphere, with the temperature increasing
from 30 °C to 600 °C at a rate of 10 °C/min.

2.2.6. ATR-FTIR

The presence of functional groups and the structure of the molecules
in the hybrid XA/PLA-CSD and reference XA/PLA aerogels were
investigated using ATR-FTIR. The measurements were performed with
an IRAffinity-1S instrument (Shimadzu, Japan). The background spectra
were compensated first, followed by the recording of the spectra of the
aerogels at wavenumbers in the range of 400-4000 cm'!.

2.2.7. SEM analysis

The morphology of the final aerogels was analysed using a JSM-
IT800 Schottky instrument (JEOL, Tokyo, Japan). Prior to analysis,
the aerogels were cut into small pieces. Since aerogels are nonconduc-
tive, they were coated with a thin layer of gold. After preparation, the
aerogels were placed on an aluminium aerogel holder. The measure-
ments were performed at two different voltages: 1.0 kV and 2.1 kV. The
lower voltage of 1.0 kV was used for high-resolution imaging, while the
higher voltage of 2.1 kV was used to achieve stronger signals for more
detailed imaging.

2.2.8. ToF-SIMS analysis

The ToF-SIMS measurements were carried out using an M6 device
(IONTOF, Miinster, Germany). The setup utilised a 30 keV Bij primary
ion beam at a target current of 0.6 pA, while the charge neutralisation
remained active, and a surface potential of 160 eV was applied during
the experiments. The aerogel surface was sputtered with an Arjggg gas
cluster ion beam (GCIB) to generate three-dimensional profiles. The
sputtering was conducted at an accelerating voltage of 2.5 keV and a
beam current of 50 pA over an area of 500 x 500 pm. The subsequent
analyses focused on a 300 x 300 pm section at the centre of the sput-
tered area. The ToF-SIMS measured data were calibrated using known
peaks at specific mass—charge ratios (m/z), i.e., C” at m/z 12.00, CH™ at
m/z 13.01, C3 at m/z 24.00, CoH™ at m/z 25.01, C3 at m/z 36.00, C4 at
m/z 48.00, CsH™ at m/z 61.01 in negative polarity, and CoH3 at m/z
27.02. C3HZ at m/z 41.04, C4HZ at m/z 53.04, and C4H7 at m/z 55.05
were in positive polarity.

2.2.9. Swelling and stability
The changes in the aerogel mass due to liquid uptake and their
durability were measured by swelling and stability tests with a gravi-

metric method on a 708-DS Dissolution System (Agilent Technologies,
California, USA). Initially, the SBF medium was prepared according to
the previously described protocol [46], with ion concentrations of 142.0
mM Na, 5.0 mM K, 1.5 mM Mg?t, 2.5 mM Ca®*, 148.8 mM CI~, 4.2
mM HCO3, 1.0 mM HPO?™ and 0.5 mM SO3~. The pH of the SBF was
adjusted to 7.40 at 36.5 °C with 1 M HCL. The dry XA/PLA aerogels (0,1
g) were then placed in cylindrical metal baskets and pre-weighed to
obtain their initial dry mass (wg). They were then attached to the
apparatus and immersed in pre-heated containers with 600 mL of SBF
for 72 h. The temperature was set to 37.5 °C, and the stirring speed was
50 rpm. The aerogels were removed from the containers at various time
intervals: 15 min, 30 min, 45 min, 1 h,2h,3h,4h,5h, 6 h, 24 h, 48 h,
and 72 h. Any excess water remaining on the basket was dabbed care-
fully with a paper towel. After weighing the aerogels (w;), they were
returned to the SBF. The percentage of swelling degree at each time
interval was calculated using the following Eq. (1):

W, — Wy

Swelling degree = ( )-100% (@D)]

0

where w; and wy represent the weights of the wet and dry aerogels (g),
respectively.

2.2.10. Oxygen release

The amount of oxygen released from XA/PLA-CSD aerogels was
measured with the standard water displacement method. First, an SBF
solution was prepared as described in Section 2.2.9. Then, approxi-
mately 10 mg of the aerogel was added to a 50 mL syringe (Chirana T.
Injecta, A.S., Stara Tura, Slovakia) pre-filled with 30 mL of SBF. The
syringe was fitted with a tube, and the other side was inserted into a
volumetric cylinder filled with water. The amount of water displaced
from the volumetric cylinder was measured at pre-determined time
points up to 48 h, and was directly proportional to the amount of oxygen
produced.

2.2.11. Invitro drug release

The in vitro drug release of DEX from XA/PLA-CSD aerogels was
evaluated using the dissolution method. First, the SBF was prepared as
described in Section 2.2.9.

A calibration curve was generated to quantify the released DEX. A
stock solution (50 pg/mL) was prepared by dissolving 5 mg of DEX in
100 mL of SBF. This solution was then diluted to obtain final concen-
trations of 5, 10, 20, 30, and 40 pg/mL. The absorbance of each solution
was measured at 242.5 nm using a Cary-100 UV-Vis spectrophotometer
(Agilent Technologies, California, USA) [47]. The resulting calibration
curve is provided in the Supplementary material (Fig. S3). The con-
centration of DEX released from the aerogels was calculated based on
the measured absorbance values.

The dissolution study was performed using a 708 DS Dissolution
System (Agilent Technologies, California, USA). Two containers, each
filled with 600 mL of the SBF, were immersed in the water bath main-
tained at 37 & 0.5 °C to simulate the average human body temperature.
The stirring speed was set to 20 rpm and held constant throughout the
experiment. The dry aerogels (50 mg) were placed in hollow metal
baskets and submerged in the SBF once the temperature had stabilised.
Samples were collected at 10 time points (15 min, 30 min, and 1, 2, 4, 5,
6, 8,18, and 24 h). At each point, 1 mL of SBF was collected, filtered and
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analysed using UV-Vis spectrophotometry at 242.5 nm. To maintain a
constant volume, an equal amount (1 mL) of fresh SBF medium was
added to the containers immediately.

All the tests were performed in triplicate, and the results are reported
as mean + standard deviation. The calibration curve was used to
determine the mass concentration of released DEX, and the cumulative
drug release was calculated using Eq. (2):

X Vo+Vix>a

m(o) -100% (2)

Cumulative drug release = Q =

where Q represents the cumulative drug release (%), c, is the mass
concentration of DEX released at time ‘t’ (mg/mL), Vj is the total volume
of the SBF (mL), V; is the volume of SBF removed at each time point ‘t’
(mL), ¢; is the concentration of DEX in the removed SBF sample at each
time point (mg/mL), and m, is the total amount of DEX in the aerogel
sample (mg).

2.2.12. Drug loading

The impregnation of the DEX was performed with solvent exchange,
as described in Section 2.2.1. To determine the DEX drug loading ca-
pacity (%), the aerogel samples (50 mg) were immersed in SBF (200 mL)
and kept under constant stirring (500 rpm) until they degraded
completely. The resulting solution was filtered and analysed using a
Cary-100 UV-Vis spectrophotometer (Agilent Technologies, California,
USA) at 242.5 nm. All the tests were performed in triplicate, and the
results are reported as mean =+ standard deviation. The drug loading was
calculated based on the total drug released after the complete degra-
dation of the aerogel sample in the SBF medium, following the equation
below:

Drug loading capacity = miJOO% 3)
-AER

where m; is the mass of DEX after complete degradation of the aerogel
samples (mg), measured with the UV-Vis, and magp is the total mass of
aerogel samples used for the measurement (mg). The mass of DEX was
determined from the calibration curve in SBF, which was obtained and
validated in the 0.005-0.05 mg/mL range (R? = 0.9997) (see Supple-
mentary material, section S3).

2.2.13. Drug release kinetics

The drug release profiles of DEX were fitted to different mathemat-
ical models to evaluate the release kinetics and release mechanisms. The
release data were plotted according to each kinetic model, and the
correlation coefficient (Rz) was calculated to determine the accuracy of
each model. The model with the highest R? value described the drug
release of the XA/PLA-CSD aerogels best.

2.2.13.1. Zero-order. Zero-order drug release refers to drug release ki-
netics in which the drug is released at a constant rate, independent of its
concentration. This model is particularly relevant for controlled-release
systems, where sustained drug release is desired [48]. The mathematical
expression for zero-order release is described by:

Q) = Q) +kot )

where Q(y is the amount of the drug released at time ‘t’, Q) is the initial
amount of the drug in the sample, and ky is the zero-order constant.

2.2.13.2. First-order. First-order release describes the drug release ki-
netics, where the release rate is proportional to the remaining drug
concentration in the sample. This model leads to a constant release over
time, and the rate depends only on the initial drug concentration [49].
The first-order release model is expressed as follows:

Qy=1—exp(—kit) 5)
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where (1 — Q) represents the remaining fraction of the drug at the time
‘t’ in the system, and kj is the first-order constant.

2.2.13.3. Higuchi model. The Higuchi model describes the drug release
kinetics from a matrix system, usually a polymer, assuming a diffusion-
controlled mechanism. It is based on Fick's law of diffusion and con-
siders that drug release occurs through a homogeneous matrix, where
the initial drug concentration is much higher than its solubility in the
surrounding medium [50]. The Higuchi release model is represented
mathematically as:

Qu = ky-t'/? 6)

where Q) is the amount of drug released at time ‘t” and kg is the Higuchi
release rate constant.

2.2.13.4. Korsmeyer-Peppas model. The Korsmeyer-Peppas model ex-
plains the drug release kinetics from polymer systems when the release
mechanism is not well-defined or involves multiple processes. It explains
the exponential relationship between release and time, enabling the
determination of the release exponent (1), which indicates the release
mechanism. Depending on the value of n, release from cylindrical forms
can follow Fickian diffusion (n < 0.45), non-Fickian (anomalous)
transport (0.45 < n < 0.89), or Case-II transport (n = 0.89) [49]. This
model applies only to the first 60% of cumulative drug release (Qu <
60%), and is expressed as follows:

Q= = kyp-t" )

where Qy is the cumulative drug release (%), M, is the amount of the
drug released at time ‘t’, My, is the total amount of the loaded drug, kxp
is the Korsmeyer-Peppas release rate constant, and n is the exponent of
the release related to the drug release mechanism.

2.2.14. Antibacterial activity

The antibacterial activity of the XA/PLA-CSD aerogels was evaluated
using the agar diffusion assays, which ensures direct contact of the
material with the bacterial strains [51]. The experiments were per-
formed following the Clinical and Laboratory Standards Institute (CLSI)
guidelines [52]. The aerogels were tested against two common wound
infection pathogens: the Gram-negative bacteria Escherichia coli (ATCC
25922) and the Gram-positive bacteria Staphylococcus aureus (ATCC
29213) [53].

The bacterial suspensions were prepared at a concentration of 0.5
McFarland (1.5 x 10® CFU/mL) in a sterile 0.9% (w/v) NaCl solution,
and the agar plates were inoculated with the suspensions. The XA/PLA-
CSD aerogels were cut into small pieces (50 mg), sterilised under UV
light and placed on the inoculated agar plates. The plates were then
labelled and incubated for 48 h at the optimum temperature for
microorganism growth (T = 35 + 1 °C [52]). The antibacterial activity
of the aerogels was determined by measuring the diameter of the zones
of inhibition (ZOI). All the tests were performed in duplicate, and the
results are reported as mean value + standard deviation.

2.2.15. Cell viability

The viability of mouse embryo fibroblasts (NIH/3T3) was studied
after 24 and 72 h of contact with 5 mg of each XA/PLA-CSD aerogel
formulation, corresponding to a concentration of 8.33 mg/mL. A total of
12,000 cells/cm? were seeded in 24-well plates with 600 pL of Dul-
becco's modified Eagle's growth medium supplemented with 10%
bovine calf serum, 100 U/mL penicillin, and 100 g/mL streptomycin.
The cells were incubated at 37 °C in a humidified atmosphere enriched
with 5% COz. The aerogels were UV-sterilised for 30 min before cell
testing and placed immediately in the culture inserts in contact with the
cells. The cells without aerogels were incubated under the same
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conditions and served as controls. After 24 and 72 h of culture, the
aerogels were removed, the growth medium was aspirated, and 100 pL
of 44 uM resazurin in the fresh growth medium was added to each well.
The transformation of resazurin into resorufin by metabolically active
cells was used to assess the cytocompatibility of the formulations. After
3 h of incubation under the same conditions, the fluorescence (excitation
wavelength: 544 nm; emission wavelength: 590 nm) was measured in a
microplate reader (Infinite® M200, Tecan Group Ltd., Mannedorf,
Switzerland). All the tests were performed in triplicate and the results
are reported as mean value + standard deviation.

2.2.16. Hemolytic activity

The hemolytic activity of the XA/PLA-CSD aerogels was studied with
human blood (Galician Transfusion Center, Spain) obtained according to
the Declaration of Helsinki [54]. The fresh human blood was diluted to
3% (v/v) in a 0.9% (w/v) NaCl solution, and 5 mg of the aerogels were
incubated with 1 mL of diluted blood in Eppendorf tubes. Positive
controls were prepared for hemolysis by placing 100 pL of 4% (v/v)
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Triton X-100 in contact with 1 mL of diluted blood, while negative
controls were prepared by mixing 100 pL of phosphate-buffered saline
(PBS, pH 7.4) with 1 mL of diluted blood. The XA/PLA-CSD samples
were incubated at 37 °C and 100 rpm for 60 min, followed by centri-
fugation at 10,000 xg for 10 min (Sigma 2-16P, Sigma Laboratory
Centrifuges, Osterode am Harz, Germany). Afterwards, 150 pL of the
supernatant was transferred to a 96-well plate, and the absorbance of the
hemoglobin was measured at A = 540 nm (FLUOStar Optima, BMG
Labtech, Ortenberg, Germany). All the tests were performed in tripli-
cate, and the results are reported as mean value + standard deviation.
Eq. (7) was used to calculate the percentage of hemolysis:

Abss — Absn

Hemolysis = -100%

(®

bsp — Absn

where Ay is the absorbance of the aerogels, Aps, is the negative control
absorbance (0% hemolysis), and Ay, is the positive control absorbance
(100% hemolysis).
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Fig. 1. Synthesis of XA/PLA aerogels and possible final structure.
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2.2.17. Statistical analysis

All the experimental data are reported as mean =+ standard deviation
(SD). The statistical analysis was performed using SPSS Statistics 29
software (IBM, Armonk, NY, USA). The Shapiro-Wilk test was conducted
to assess the normality of the data. Due to non-normal distribution, a
Kruskal-Wallis test was applied to determine the differences between the
groups. A p-value of <0.05 was considered statistically significant.

3. Results and discussion
3.1. Synthesis of XA/PLA-CSD aerogels

In this work, XA and PLA were used to develop hybrid aerogels by a
sol-gel process and supercritical drying with CO,. In the first step of the
synthesis, the XA was dissolved in water, and the PLA was dissolved in
ethyl lactate, resulting in two separate homogeneous solutions. After
these starting solutions were mixed, the gelation process was initiated by
an antisolvent mechanism. In this context, water acts as a nonsolvent for
the PLA, causing it to precipitate and interact with the XA molecules.
Gelation occurred by physical cross-linking between the XA and PLA,
particularly through the formation of hydrogen bonds and Van der
Waals interactions between the hydroxyl groups of XA and the carboxyl
and ester groups of the PLA, as shown in Fig. 1. In the next step, absolute
ethanol was added to the gel to remove the primary solvents (water and
ethyl lactate) from the pores, as this step is crucial for producing aero-
gels. By removing the solvents, ethanol facilitated the formation of a
more efficient network between the polysaccharide and the biopolymer
and promoted hydrogen bonding. As we have reported previously [55],
ethanol also reduced the repulsion between the hydrophilic chains of
XA, allowing them to approach each other and interact more effectively
with the PLA, which led to an improvement in the integrity and stability
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of the gel network. The resulting gel had a heterogeneous structure, in
which the XA formed a hydrophilic backbone, while the PLA contributed
hydrophobic segments that created a stable, interconnected network.
This phenomenon benefits from the mechanical strength of PLA and the
flexibility and water retention abilities of the XA. The final step of the
synthesis was supercritical drying, which resulted in the formation of an
aerogel with the same structure as the initial alcogel, but with gaseous
CO:2 in its pores instead of alcohol. When SC CO: is used in the synthesis
of aerogels, the porosity and high specific surface area are preserved,
which are important properties for applications in wound healing. The
appearance of the finished cotton-like aerogels can be seen in Figs. 3. a
and b.

3.2. N adsorption-desorption analysis

The compositions of the aerogels, along with their specific surface
area and average pore sizes, are summarised in Table 1. These properties
are crucial for wound healing applications, as they influence fluid ab-
sorption, gas exchange, and the release of the therapeutic agents. The
results indicate that the XA/PLA2 aerogel had a slightly higher specific
surface area (396 + 8 mz/g) than the XA/PLA1 (342 + 7 mz/g), which
can be attributed to its greater XA content. XA is known for its ability to
form highly porous networks; an increased proportion of XA likely
contributed to the formation of a more open structure with enhanced
surface area. Both reference aerogels exhibited similar average meso-
pore sizes, with XA/PLA2 having a slightly smaller value, aligning with
its larger surface area. The specific surface area of XA/PLA-CSD aerogels
was also measured for comparison. As shown in Table 1, these aerogels
had a much lower surface area than XA/PLAl1 and XA/PLA2. We
hypothesise that this decrease was caused by the infiltration of active
ingredients into the porous network, blocking the pores and limiting
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their accessibility. The presence of DEX, along with the oxygen-
generating agents CPO and SPO, likely have contributed to the forma-
tion of a denser structure, and thus reduced the overall porosity. The
adsorption isotherms of the aerogels, shown in Fig. 2. a, further confirm
these structural differences. All the tested aerogels exhibited typical
IUPAC IV adsorption-desorption hysteresis with either H1 or H4 loops
[56]. Hl-type loops are characteristic of porous materials with well-
aligned cylindrical pores and relatively narrow pore size distributions.
In contrast, H4 loops are associated with complex materials containing
both micro- and mesopores. This indicates that XA/PLA aerogels had
typical mesoporous structures [56], which is also evident from the
average pore width distribution (Fig. 2. b). The presence of mesopores is
particularly beneficial for wound healing applications, as mesoporous
materials have been shown to facilitate the adsorption and sustained
release of bioactive compounds, thereby improving therapeutic effi-
ciency [57]. The high adsorption capacities observed for the aerogels
XA/PLA1 and XA/PLA2 suggest that these aerogels are excellent carriers
for active ingredients. Despite their compositional differences, both
aerogels exhibited similar adsorption potentials and mesopore volumes.
On the other hand, the XA/PLA-CSD aerogels showed negligible Ny
adsorption capacity, indicating the near-complete absence of available
pores, as the pores of the materials were filled with DEX and oxygen-
generating agents.

3.3. SEM analysis

The morphology and microstructure of the aerogels were analysed
with SEM (Fig. 3.). Both materials exhibited a fibrous network, with XA/

a

# Ma

A/PLA2-CSD ®
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PLA1-CSD having a slightly denser structure, which aligns with its lower
specific surface area measured by Ny adsorption-desorption analysis.
The formation of these fibrous structures can be attributed to the addi-
tion of PLA, as reported previously [9]. Additionally, SEM images in
Figs. 3. a and b confirm the porous nature of both aerogels. To assess the
integration of active ingredients within the internal structure of the XA/
PLA-CSD aerogels, SEM was also employed. By using higher magnifi-
cations, the presence of crystalline structures was observed, confirming
the successful incorporation of oxygen-generating agents (CPO and
SPO). Specifically, the cubic crystals characteristic of SPO [58] and rod-
shaped CPO crystals, which tend to aggregate into a flower shape [59],
were identified (Fig. 5. a). These findings indicate that the active in-
gredients were well distributed within the aerogel matrix, suggesting
strong physical interactions between the aerogel framework and the
incorporated compounds.

3.4. Thermal analysis

The decomposition of the XA/PLA1, XA/PLA2, XA/PLA1-CSD, and
XA/PLA2-CSD aerogels was studied with thermal analysis, which
included simultaneous TGA (Fig. 4. a) and DSC (Fig. 4. b) analyses.

The TGA thermograms (Fig. 4. a) revealed similar thermal degra-
dation behaviour of the materials. The decomposition of the reference
aerogels (XA/PLA1 and XA/PLA2) followed a two-step degradation
process. The first mass loss occurred around 100 °C and is associated
with the evaporation of moisture and volatile substances. This initial
decrease was followed by a major decomposition in the temperature
range of 220-400 °C due to the combined degradation of the XA and

XA/PLA1-CSD

e
XAIPLA2-CSD ™ =

[ e s

Fig. 3. a) The appearance of the XA/PLA1-CSD aerogel and SEM pictures at lower magnification and higher magnification. b) The appearance of the XA/PLA2-CSD

aerogel and SEM pictures at lower and higher magnifications.



N.A. Hozjan et al.

a
100
—XA/PLA1
—XA/PLA2
XA/PLA1-CSD
80 ——XA/PLA2-CSD
< 60 -
=
(@]
©
= 40 |
20 A
0 ’ ’ ’ . ’ ’
30 120 210 300 390 480 570
Temperature (°C)
C

ﬂPLM—CSD .. 1 W W—- |
-OH -CH3 c=0 -CH, -OH -C-O I ~CH
4000 3400 2800 2200 1600 1000 400

Wavenumber (cm™)

International Journal of Biological Macromolecules 310 (2025) 143314

60
| —xa/PLA1
50 | —XA/PLA2
| —xA/PLA1-CSD
——XAJPLA2-CSD

40 1

30 A

10 A

cWo

Heat flow (mW)
N
o

N

Temperature (°C)

SBF uptake (g/g)

10 —a—XA/PLA1
" —e—XA/PLA2
0O 10 20 30 40 50 60 70

Time (h)
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PLA, resulting in approximately 70% weight loss. In contrast, the XA/
PLA-CSD aerogels exhibited a three-step degradation process. Similar
to the reference aerogels, the initial mass loss at 100 °C corresponded to
water evaporation. The second degradation step at around 220 °C cor-
responded to the degradation of the XA and PLA. However, the addition
of active ingredients introduced a third degradation step between 320
and 480 °C, where the decomposition proceeded more gradually.
Among all samples, XA/PLA2-CSD showed the highest thermal stability
and retained 55% of its original weight. DSC analysis (Fig. 4. b) further
confirmed the thermal transitions observed in TGA. The reference aer-
ogels (XA/PLA1 and XA/PLA2) exhibited an initial endothermic peak at
100 °C, corresponding to moisture loss, which aligns with the first
degradation step in the TGA thermograms. Exothermic peaks at
approximately 250 °C and 380 °C were also detected, marking the
thermal decomposition of the aerogel components. For XA/PLA1-CSD
and XA/PLA2-CSD, a similar trend was observed, with endothermic
and exothermic transitions occurring at comparable temperatures.
However, the exothermic events were more pronounced, indicating a
higher energy release associated with the degradation of the active in-
gredients. This suggests that the incorporated compounds influence the
thermal decomposition pathway, likely by altering the structural
integrity of the aerogel framework. Overall, the TGA and DSC results

confirm that the addition of active ingredients modifies the thermal
stability of the aerogels. The introduction of oxygen-generating agents
appears to delay complete degradation.

3.5. ATR-FTIR

The molecular structures of the XA/PLA-CSD and the XA/PLA aer-
ogels were characterised by ATR-FTIR (Fig. 4. c¢). The aerogels are
synthesised from a combination of XA and PLA, both of which have a
high number of hydroxyl (O—H) and carboxyl (C=0) groups in their
structure [60,61]. In the spectra shown in Fig. 4. c, the stretching be-
tween 3500 and 3800 ecm ™! corresponds to O—H groups and intra-
molecular hydrogen bonds. Similar stretching is characteristic of XA, as
reported previously by Pawlicka et al. [60] when the properties of this
polysaccharide were studied. Additionally, -CHs stretching at
2800-3000 cm ™}, which also belongs to XA, is evident. The presence of
PLA in the aerogels can be confirmed by a sharp peak at 1722 cm™1,
representing the C=0 vibration of the ester bonds, characteristic of the
PLA polymer, observed in all the materials [9,61]. Furthermore, the
region of 1500-1400 cm ! represents the stretching characteristic of the
-CH, groups of XA. The spectra at 1275 cm ™! show a peak belonging to
the C—O vibration within the carbonyl functional group of the PLA [61].



N.A. Hozjan et al.

Moreover, the peaks at 1078 cm ™! and 978 cm ™! represent the C—O
group, followed by the fingerprint region, where stretching between 600
and 500 cm ! is attributed to the -CH vibrations of XA [60]. A com-
parison of the spectra of the reference (XA/PLA1, XA/PLA2) aerogels
and XA/PLA-CSD aerogels revealed that all the peaks matched. The
characteristic peaks of the active ingredients incorporated in our ma-
terial (CPO, SPO, and DEX) either coincided with the peaks of the
reference aerogels or were not visible in the spectra. Their absence could
be due to their low concentration.

3.6. ToF-SIMS analysis

The ToF-SIMS measurements were performed to determine the DEX
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distribution in the XA/PLA2-CSD aerogel. Fig. 5. b presents a three-
dimensional ToF-SIMS image of an aerogel sputtered with a 2.5 keV
Ariggo sputter beam for 4000 s to perform depth profiling. This sput-
tering was performed with GCIB, to preserve the chemical integrity of
the aerogel during the acquisition of three-dimensional images. The
ToF-SIMS image in Fig. 5. b illustrates the spatial distribution of F~ at m/
2 19.00 (green spots), representing DEX [40,62]. The DEX is located
within the porous structure of the aerogel, resulting in regions of higher
intensity. Such localisation is typical in aerogels, which are known for
their ability to incorporate active ingredients within their porous
framework. Moreover, Fig. 5. b also shows the distribution of the CH™
signal at m/z 13.01 (red spots), which is attributed primarily to the
structural composition of the aerogel matrix itself. Distribution analysis
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of the oxygen-generating components (CPO with the molecular formula
CaO3 and SPO with NayH3COg) within the XA/PLA2-CSD aerogel was
performed with positive ToF-SIMS polarity. The signals for Ca™ at m/z
39.96 and Na' at m/z 22.99 in Fig. 5. b represent the distributions of
Ca0, and NayH3COg, with purple representing the signals for Na™ and
green for Ca™, respectively. The distribution of these signals across the
analysed region indicates that the oxygen-generating components are
not distributed homogeneously in the aerogel at the micron scale. Aer-
ogels typically exhibit a wide distribution of pore sizes, ranging from
micropores (<2 nm) to mesopores (2-50 nm) and macropores (>50 nm)
[56]. This heterogeneity can lead to an uneven distribution of the active
ingredients. Furthermore, the active ingredient loading method plays a
crucial role in determining the substance's final distribution within the
aerogel. Due to the constraints of its 3D network structure, the diffusion
of drug molecules may be limited, leading to an uneven distribution
[19]. This distribution indicates that, although the active component is
not distributed uniformly in the aerogel, it is present in the material and
is released effectively. Despite this distribution, controlled drug release
was achieved in both XA/PLA-CSD aerogels. This is because drug release
from biodegradable aerogels depends more on the degradation rate of
the matrix material than on the distribution of the molecules of the
active components themselves [19].

3.7. Swelling and stability

The swelling properties of aerogels are critical for potential appli-
cations in wound healing. Polysaccharides represent an optimal choice
in this regard, as they are hydrophilic and, therefore, capable of
absorbing considerable quantities of exudate from the wound [14,18].
Furthermore, they can maintain an appropriate moisture level within
the wound and release incorporated drugs as they swell [10]. However,
aerogels synthesised from natural biopolymer-based materials tend to
degrade in a humid environment. It is, therefore, essential to understand
their swelling and degradation rates, as these parameters help to
determine the time window for the material's actual use. To investigate
these parameters, the aerogels were immersed in SBF, and the results are
shown in Fig. 4. d. During the first hours, both aerogels exhibited a rapid
mass increase due to the absorption of the SBF medium. As illustrated in
Fig. 4. d, the mass of both aerogels increased throughout the experiment,
reaching a maximum after 72 h, when the materials absorbed 67 and 64
times their weight, respectively. Consequently, both aerogels demon-
strated a high swelling capacity due to the hydrophilic nature of the XA,
which enhanced the liquid absorption capacity of the hybrid aerogels.
Furthermore, it was observed that the aerogels remained stable and did
not degrade during the measurements, indicating their suitability for use
in moist environments, such as wounds.

3.8. Oxygen release

The ability of XA/PLA-CSD aerogels to release oxygen was evaluated
over 48 h using the water displacement method. The mechanism behind
oxygen release is based on the decomposition of the SPO and CPO
embedded within the aerogel structure. These compounds are known for
their ability to generate oxygen in a controlled and sustained manner
when exposed to moisture [37,63]. Upon contact with a moist envi-
ronment, CPO and SPO undergo stepwise reactions (8), (9), and (10)
below [63].

For the CPO, the decomposition begins with the formation of calcium

hydroxide (Ca(OH)2) and H-0::
CaOz(s) -+ 2H20—>C3(0H)2<s) + HzOz (9)

For SPO, the decomposition involves the release of sodium ions,
carbonate ions and H202:

(Na,CO;3)-3H,0, + Hy0—»4Na" + 2C05%" + 3H,0, (10)
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Subsequently, H-0- decomposes into oxygen and water:

2H,0,-0, + 2H,0 an)

These reactions enable a sustained release of oxygen, where the rate
of release is influenced by the aerogel's composition, structure and
interaction with water.

While this process generates oxygen, both CPO and SPO produce
H0,, which can be toxic to surrounding tissues if released in excess
[30]. To address this, the enzyme catalase was added into the aerogels,
catalysing the degradation of HyO, and thereby mitigating toxicity and
promoting faster oxygen production [63,64]. As shown in Fig. 5. c, the
release of oxygen from both XA/PLA-CSD aerogels was slow and
continuous during the first hours of the experiment. After 20 h, the rate
of oxygen production increased and followed a linear trend until the end
of the measurements. The total amount of oxygen released from the
aerogels reached values of 4 and 5 mL/mg, respectively. The differences
in oxygen release can be attributed to the variations in the aerogel's
composition and the distribution of CPO and SPO within the structure.
Despite these differences, the release of oxygen from both aerogels was
controlled and sustained. The highly porous structure of the aerogels,
combined with their high swelling abilities, allowed efficient SBF uptake
and the gradual decomposition of CPO and SPO. The distribution of
catalase within the aerogel matrix ensured consistent decomposition of
H,0, and thus contributed to a controlled release of oxygen [65]. The
controlled release of oxygen from the XA/PLA-CSD aerogels makes them
particularly suitable for treating highly hypoxic wounds, where oxygen
supply is critical in all stages of healing. Sufficient oxygen promotes all
the essential processes, such as collagen synthesis, cell proliferation and
angiogenesis, which are often impaired under hypoxic conditions
[30,37,65].

3.9. Drug loading and release

The loading capacity of both XA/PLA-CSD aerogels was low, with the
XA/PLA1-CSD aerogel achieving a loading of 2.32 + 0.75% and the XA/
PLA2-CSD aerogel having an even lower capacity of 0.58 + 0.005%. We
hypothesise that this was due to the impregnation process. Drug loading
was performed with a solvent exchange step. For this purpose, DEX was
dissolved in ethanol, and the wet gels were immersed in the solution,
allowing the drug to diffuse into the gel matrix. The penetration of DEX
into the gel structure was limited by factors such as solvent compati-
bility, pore accessibility, and diffusion kinetics, which, ultimately,
resulted in low drug loading. Afterwards, the wet gels were dried
supercritically, where the ethanol was replaced with CO,. During this
process, some amount of the drug was washed out.

The release performance of the XA/PLA-CSD aerogels was evaluated
using DEX as a model drug, and the release study was conducted over 24
h in SBF. Different release profiles were observed, as shown in Fig. 5. d.
Specifically, the XA/PLA2-CSD aerogel, containing a higher concentra-
tion of XA, exhibited an initially faster release of DEX that slowed down
after approximately 4 h and followed a linear release trend. In contrast,
the XA/PLA1-CSD aerogel, which contained a lower amount of XA,
showed a slower and more controlled release throughout the 24 h
period. The distinct release behaviours observed between the two aer-
ogels can be attributed to the structural and compositional differences
between the formulations. In particular, the concentration of XA had a
great influence on the swelling capacity of the aerogel. XA is highly
hydrophilic, meaning it has a strong ability to absorb water and swell
when exposed to aqueous environments like SBF [66]. The higher con-
centration in the XA/PLA2-CSD enhanced the SBF uptake and swelling,
resulting in a faster release. In contrast, the XA/PLA1-CSD aerogel with a
lower amount of XA showed slightly reduced swelling capacity, which
led to a more controlled and gradual release of DEX over time. These
results demonstrate that the release profiles of DEX from XA/PLA-CSD
aerogels can be modulated by adjusting the concentration of XA. This
ability to tailor the release profile is a valuable tool in the design of drug
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delivery systems, allowing for either rapid or sustained drug release
depending on the therapeutic needs.

3.10. Drug release kinetics

Understanding drug release kinetics and the mechanism of release is
essential for all drug delivery systems, particularly in wound healing
applications, where controlled and sustained drug release is crucial for
effective treatment [4]. The drug release data of DEX from the XA/PLA-
CSD aerogels were fitted to commonly used kinetic models. It should be
noted that the Korsmeyer-Peppas model was applied only to the initial
60% of drug release and was, therefore, suitable for analysing the early-
stage release kinetics in this study [67]. The correlation coefficient (Rz)
values for each model and the corresponding mechanism of release are
presented in Table 2. The plots for the theoretical prediction of drug
release kinetics are provided in the Supplementary material (Section
S4).

The drug release kinetics of the XA/PLA-CSD aerogels demonstrated
a clear correlation between the aerogel composition and the release
mechanism. For the XA/PLA1-CSD aerogel, which had a higher XA
content, the Korsmeyer-Peppas model provided the best fit to the release
profile (R? = 0.9825). With an n value of 0.6606, it indicated a non-
Fickian release mechanism (anomalous transport), meaning that both
drug diffusion and polymer relaxation contributed to the release pro-
cess. The higher XA content promoted swelling and matrix relaxation,
which altered the diffusion pathway and resulted in a more complex
release behaviour. In contrast, the XA/PLA2-CSD aerogel, with a higher
proportion of PLA, showed the best fit with the zero-order model (R? =
0.979), indicating a constant drug release rate over time. The
Korsmeyer-Peppas model also provided a good fit (R? = 0.9084), with an
n value of 0.1119, which correlates to Fickian diffusion, where the
diffusion controls primarily the drug release through the polymer ma-
trix. The PLA, being a hydrophobic material, likely restricted swelling
and matrix relaxation, leading to a more straightforward diffusion-
controlled release profile. These findings highlight the influence of
aerogel composition on drug release mechanisms, demonstrating that
the release profile can be tailored to meet specific application
requirements.

3.11. Biocompatibility and safety of aerogels

3.11.1. Antibacterial activity

Bacterial infections are a common issue in chronic wounds, as these
provide a favourable environment for bacterial colonisation. Infections
occur when bacteria, such as E. coli and S. aureus, colonise the wound
and form biofilms that can delay the healing process, cause pain and
potentially lead to severe complications [53]. To prevent such compli-
cations, it is advantageous for the material to possess antibacterial
properties, as this is beneficial to the wound-healing process. The anti-
bacterial activity of XA/PLA-CSD aerogels was evaluated with the agar
diffusion method, and the results are shown in Fig. 6. a. Both XA/PLA-
CSD aerogels demonstrated strong antibacterial activity against E. coli
(ATCC 25922) and S. aureus (ATCC 29213) strains, as evidenced by the
zones of inhibition (ZOI) around the samples on the agar plates. The
diameters of ZOI against E. coli were 14 and 15 mm, while against
S. aureus, the ZOI diameters were 30 and 31 mm, respectively. The re-
sults are summarised in Table 3 and illustrated in Fig. 6. b. Notably, the

Table 2
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XA/PLA-CSD aerogels exhibited a stronger inhibitory effect against
S. aureus (Gram-positive) than against E. coli (Gram-negative), likely due
to the structural differences in the cell walls of the Gram-positive and
Gram-negative bacteria. We hypothesise that the antibacterial proper-
ties of the XA/PLA-CSD aerogels result from the incorporation of active
substances (CPO, SPO, and DEX), which is supported by the findings
from the in vitro drug release studies. In these studies, the DEX was
released within 24 h, reducing bacterial load, while the oxygen was
released over 48 h, inhibiting further bacterial growth. The production
of ROS during the decomposition of the CPO and SPO into oxygen
enhanced the antibacterial effect, as ROS are known to disrupt bacterial
cell membranes and other vital cellular components. They induce lipid
peroxidation, disrupt membrane integrity and increase permeability,
which leads to leakage of intracellular contents and loss of membrane
potential. While bacteria can activate stress responses to counteract
oxidative damage, excessive ROS levels overwhelm these defences,
resulting ultimately in bacterial death. [68]. Therefore, both the XA/
PLA1-CSD and XA/PLA2-CSD aerogels demonstrated strong antibacte-
rial activity and showed promise in preventing bacterial colonisation.

The control plates (termed CONTROL in Fig. 6. a) were used to detect
possible contamination. The absence of irregular microbial growth
indicated that the agar plates used for the tests were free from
contamination, and that the bacterial strains exhibited typical growth
patterns.

3.11.2. Cell viability

Before any in vivo testing, it is essential to assess the cytocompati-
bility of newly developed materials. In this context, cell viability assays
are crucial for evaluating a material's cytotoxicity and biocompatibility,
ensuring that it supports cell growth and proliferation, which are vital
for tissue regeneration [69,70]. The confirmation of high cell viability
allows the prediction of the efficiency of the material in promoting
wound healing, and the validation of its safety for use in biomedical
applications [69]. For this purpose, cell viability tests were performed,
and the results were obtained after 24 and 72 h. The experimental
process is shown in Fig. 7. c. The results presented in Fig. 7. a demon-
strate that the reference aerogels containing only XA and PLA (XA/
PLA1, XA/PLA2) exhibited excellent cell viability of almost 100% after
24 and 72 h, indicating their cytocompatibility. Similar cytocompati-
bility was observed when DEX, SPO, and catalase were incorporated into
the aerogels (XA/PLA2-SD), confirming the safety of integrating these
agents at the tested concentrations. However, the formulation contain-
ing both CPO and SPO reduced the viability of NIH/3T3 cells signifi-
cantly. This reduction can be attributed to excessive ROS production
during the decomposition of both oxygen-generating agents. Despite the
presence of catalase, the amount of HyO, produced was overwhelming
to the defence mechanisms of the cells and resulted in oxidative stress
and cellular damage. In contrast, SPO alone generated oxygen more
efficiently with less H202 production, which resulted in higher cell
viability. Adjusting the concentrations of CPO and catalase could help to
reduce the observed cytotoxicity in these formulations.

3.11.3. Hemolytic activity

Hemolysis refers to the rupture or destruction of red blood cells,
releasing hemoglobin into the surrounding plasma [70]. This process
can lead to a variety of complications, such as inflammation, anemia,
and other systemic issues [71]. When a material is applied to the wound,

R? values, n and mechanism of drug release determined for the XA/PLA-CSD aerogels.

Sample Zero—order First—order Higuchi model Korsmeyer—Peppas Mechanism of release
R? R? R? n
XA/PLA1-CSD 0.639 0.8893 0.8773 0.9825 0.6606 Non-Fickian
XA/PLA2-CSD 0.979 0.8267 0.8807 0.9084 0.1119 Fickian
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Table 3
Inhibition zone dimeters (d) against E. coli and S. aureus after 48 h of incubation.
Sample d (mm)
48 h
E. coli S. aureus
XA/PLA1-CSD 14.63 £ 0.3 30.09 + 0.8
XA/PLA2-CSD 15.92 + 0.4 31.07 £ 1.0

it first interacts with blood, making it essential to assess its hemo-
compatibility. Therefore, evaluating a material's potential to cause he-
molysis is an important step in determining whether it is safe for in vivo
applications [70]. A material is considered hemocompatible if it induces
a lysis rate of no >5% when in direct contact with red blood cells. Any
material that exceeds this level would be deemed unsafe for blood
contact [72,73]. In this study, hemolysis assays were performed by
directly exposing the aerogels to human blood. The resulting data,
shown in Fig. 7. b, demonstrate that all the aerogels exhibited negligible
hemolytic activity, with values ranging from —1% to 2%. These results
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indicate that none of the aerogels caused any significant rupture of red
blood cells, making them promising candidates for biomedical applica-
tions involving blood contact. Similar results were observed for poly-
caprolactone (PCL) and for methylcellulose-based aerogel scaffolds
[69,74]. The comparison with control groups further emphasises the
significance of the results. The positive control, Triton X-100, a known
surfactant that induces complete lysis of red blood cells, showed 100%
hemolysis, while the negative control, PBS at pH 7.4, showed no he-
molysis, as expected for a non-hemolytic solution. Overall, the negligible
hemolytic activity of the aerogels suggests they could be used in appli-
cations such as wound healing, drug delivery systems or tissue engi-
neering, where direct contact with human blood occurs. However,
additional in vitro and in vivo tests are necessary to assess other impor-
tant aspects of biocompatibility, including the material's interaction
with platelets and plasma.

4. Conclusion

In this study, hybrid XA/PLA-CSD aerogels loaded with oxygen-
generating agents CPO and SPO and the anti-inflammatory drug DEX
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were developed successfully as potential wound dressing materials. The
aerogels had a highly porous structure with a high specific surface area.
The addition of PLA improved the stability of the aerogels in SBF and
increased their swelling capacity, both of which are crucial for wound
healing applications. The in vitro drug release tests demonstrated the
controlled and sustained release, which could impact the wound healing
process positively. The release profile of DEX from the XA/PLA1-CSD
aerogel followed the Korsmeyer-Peppas kinetic model, indicating a
non-Fickian release mechanism. In contrast, DEX release from the XA/
PLA2-CSD aerogel was governed by Fickian diffusion, with the best fit
observed with the zero-order model. Additionally, the aerogels inhibited
the growth of E. coli and S. aureus effectively, demonstrating strong
antibacterial activity. The cell viability assays with mouse fibroblasts
(NIH/3T3) confirmed the biocompatibility of the XA/PLA-SD aerogels,
while the addition of CPO led to reduced viability. Finally, the hemo-
compatibility analysis revealed excellent results, as no hemolytic ac-
tivity was observed. These findings highlight the multifunctionality of
the XA/PLA-CSD aerogels, addressing essential aspects of wound care
through synergistic healing effects. Despite these encouraging results,
several limitations need to be addressed in future research. First, in vivo
studies are crucial to assess the material's biocompatibility, long-term
stability, and effectiveness in promoting wound healing. Additionally,
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the current cytocompatibility assessment was limited to NIH/3T3 mouse
fibroblasts; further testing on other relevant cell types, such as endo-
thelial or epidermal cells, is required to gain a comprehensive under-
standing of the material's interactions with biological systems. The
combination of CPO and SPO led to reduced cell viability due to
excessive ROS production, even with the inclusion of catalase. Further
studies should optimise the concentrations of CPO and catalase or use
solely SPO as the oxygen-generating agent. While the aerogels demon-
strated excellent swelling and biodegradability, their mechanical prop-
erties under physiological conditions, such as tensile strength in moist
environments, were not evaluated. Variations in the composition of the
XA/PLA aerogels, such as the ratio of XA to PLA or the concentration of
oxygen-generating agents, significantly affected both the drug release
profiles and cell viability. This suggests that a more detailed investiga-
tion is needed to better understand how these compositional factors
influence the overall performance of the aerogels. Additionally, the rates
of oxygen release and their impact on wound healing require more
investigation. Finally, scaling up the production of these aerogels for
clinical applications presents challenges in terms of reproducibility, cost
and regulatory compliance.
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