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The growing relevance of aerogels in biomedicine demands the choice of compatible sterilization techniques
with these materials. Conventional methods, such as ethylene oxide (EO) and gamma radiation (y-rays) sterili-
zation, have significant drawbacks while facing important environmental restrictions. In this study, supercritical
CO>, (scCOy) sterilization is tested for polysaccharide (starch and alginate) aerogels as an eco-friendly alternative
to conventional procedures. Three post-processing treatments under different CO, exposure regimes (static,
dynamic and combined) and in the presence of HyO; as additive were developed and assessed to reach sterility
assurance levels (SAL) below 107°. After sterilization, a vacuum treatment was implemented to ensure a low
residual presence of HyO; in the aerogels so that the material biocompatibility was not compromised according
to in vitro cell tests with fibroblasts. The residual adsorbed HoO2 was quantified for the first time in aerogels by
nuclear magnetic resonance spectroscopy. The effects of the supercritical sterilization treatments on the textural
and chemical properties of the aerogels were evaluated and compared to those treated with EO and y-rays.
Results highlight the unique efficiency of scCO; sterilization as a post-processing method that preserves the
aerogel structure while offering an eco-sustainable potential for producing sterile and biocompatible materials.

1. Introduction

Innovative porous biomaterials are engineered as scaffolds for
regenerative medicine to address the clinical challenges of rejections,
biomechanical mismatch, and surgical infection risks associated with
allografts and synthetic implants [1]. Namely, aerogels stand out as a
special category of nanoporous biomaterials characterized by their light
weight, high specific surface area and open mesoporosity [2]. Their high
porosity provides them bioactive properties, in some cases mimicking
the extracellular matrix of biological tissues [3,4] and can also be used
as carriers for delivery of various therapeutic agents such as antibiotics
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[5], antineoplastic [6] and antibacterial [7] agents. They can be pro-
duced in a variety of morphologies and from a wide range of sources,
being natural polymers (e.g., polysaccharides) of special interest for
biomedical purposes due to their biocompatibility and biodegradability.

Healthcare-associated infections (HAIs) are an important challenge
in hospitals. It was estimated that ca. 17 % of HAIs in the United States
were due to surgical site infections, and 55 % could have been prevented
[8]. Surgical site infections are also responsible for the rejection of im-
plants which may require subsequent corrective surgery and/or lead to
therapeutic failure [8,9]. Consequently, sterility assurance of supplies
and aseptic clinical practices are essential within infection prevention
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protocols. The Sterility Assurance Level (SAL) is defined as the proba-
bility that a product would remain contaminated after undergoing a
sterilization process. Regulatory standards specified for implantable
medical devices recommend SAL below 10~° (denoted as SAL-6), i.e., at
most, there is a one in a million chance that a viable microorganism
survives the said sterilization process [10].

The development of a sterilization technique able to reach SAL-6 and
compatible with polymeric materials of intricate geometries, such as
aerogels, is urgent [11]. Depending on the properties of the material to
be sterilized, the most widely used sterilization techniques in industry
include steam sterilization, ethylene oxide (EO) and gamma radiation
(y-rays), but are typically not compatible with aerogels. Steam sterili-
zation is based on microbial inactivation by thermal and moist effects,
typically using 121 °C, 1.1 bar and an exposure time of 20 min [12].
Even though this technique is cost-effective, it is not compatible with
heat-sensitive materials, such as thermolabile polymers or biopolymer-
based materials [11,13,14]. Sterilization with EO may be effective for
thermolabile materials, as it operates at moderate temperatures (ca.
55-60 °C) [15], but high safety operating procedures are required due to
high toxicity and carcinogenicity of this chemical additive [15-17].
Finally, y-rays can induce modifications in the physicochemical prop-
erties of the biomaterials exposed [18], but also the genetic material of
the surrounding living beings. Due to the environmental and health
concerns about EO and y-rays, international regulations are being
revised to impose stricter limitations to these methods [15,16,19,20].

The United States Food and Drug Administration (FDA) has identi-
fied carbon dioxide under supercritical conditions (scCO3) as an inno-
vative alternative for sterilization [11,21-23]. The operational
conditions of scCO2 must be set above its critical point (31.1 °C and 73.7
bar), where CO2 exhibits intermediate properties between liquid and
gas, without leaving toxic residues. The inactivation mechanism of this
technique lies in the bactericidal nature of CO5, which is considered as a
GRAS (Generally Recognized as Safe) substance [11,24]. Moreover, this
technique valorizes CO,, a by-product of several industrial processes,
thus promoting the reduction of the carbon footprint.

Several protocols have been developed to inactivate viruses [25],
bacterial suspensions [22,24] and bacteria endospores [26,27] based on
the efficacy of scCO,. Although this sterilization technique is not yet
integrated into the industrial environment, the scCO5 process showed
promising results in preserving the physical integrity of aerogels [27].
Obtaining sterile aerogels is possible directly from the wet gel by inte-
grating the sterilization process within the drying process [27]. This
method contributed to shorter process durations and minimized
handling steps. However, sterilizing already manufactured aerogels re-
mains challenging, since their porous architecture and chemical
composition are highly sensitive. This situation becomes critical when
aerogels have to be incorporated into formulations together with non-
sterile components (i.e. drugs, other excipients, fabrics), where the
whole final product must be sterile.

Given its proven effectiveness in microbial inactivation and its mild
operating conditions, scCO, is emerging as a promising sterilization
method for highly sensitive materials such as polysaccharide aerogels.
To the best of our knowledge, the feasibility of scCO, as a post-
manufacturing sterilization strategy while preserving the physico-
chemical and biocompatible properties of starch aerogel cylinders and
alginate aerogel beads was herein assessed for the first time. The scCO,
sterilization treatment was developed and optimized in terms of expo-
sure time (from 2 to 5 h), hydrogen peroxide (H05) additive concen-
tration (0, 670 and 1330 ppm or mg/L), processing regime (static,
dynamic and combined) and aeration treatment (vacuum and exposure
to CO, atmosphere). Alternatively, the same untreated aerogels were
sterilized by EO and y-rays treatments following standardized protocols
for the sake of comparison. Textural properties of the sterilized aerogels
were compared in terms of porosity, specific surface area, main pore
diameter and specific pore volumes with those of the untreated samples.
The porous structure was also assessed by scanning electron microscopy
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(SEM). The chemical nature of both polysaccharide aerogels was eval-
uated by Fourier-Transform Infrared (FTIR) analysis, and the amylose-
to-amylopectin ratio of starch aerogels was also enzymatically quanti-
fied. For the first time, quantitative proton nuclear magnetic resonance
spectroscopy (*H gNMR) was also employed to simultaneously analyze
possible changes in the chemical structure of the aerogels and quantify
H20, content present in aerogels sterilized by the scCO, treatment.
Moreover, starch and alginate chemical properties were assessed by gel
permeation chromatography (GPC). For potential biomedical use pur-
poses, the sterile aerogels were assessed with cytotoxicity tests using
NIH-3T3 cell line at two different timepoints (24 and 48 h).

2. Materials and methods
2.1. Materials

Native maize starch (SP, Amylo N-460, 52.6 % amylose content,
12.9 % loss on drying, conform to USP and EP, <1 wt% protein, ac-
cording to the supplier) was provided by Roquette Freres S.A. (Lestrem,
France). Alginic acid sodium salt from brown algae (guluronic/man-
nuronic acid ratio of 70/30, Mw = 403 kDa) was supplied by Sigma Life
Science (Irvine, UK) and calcium chloride anhydrous (CaCly, >99 %
purity) provided by Scharlab (Barcelona, Spain) was used as Ca2*
crosslinker source. Absolute ethanol (EtOH, >99.9 % purity) and CO5
(99.8 % purity) were supplied by VWR (Radnor, PA, USA) and Nippon
Gases (Madrid, Spain), respectively. Hydrogen peroxide (H3O2) 30 %
(w/w) was supplied by Sigma-Aldrich (Madrid, Spain). Water was pu-
rified using reverse osmosis (resistivity >18 MQ-cm, Milli-Q, Milli-
pore®, Madrid, Spain).

Sterility biological indicator was Bacillus pumilus (ATCC 27142)
spore strips (10® spores/strip) purchased from Sigma-Aldrich (Madrid,
Spain). Trypticase soy agar (TSA) and broth (TSB) media were pur-
chased from BIOKAR Diagnosis (Pantin, France). Ultrapure nitrogen (N
> 99 % purity) supplied by Nippon Gases (Madrid, Spain) was used for
the adsorption-desorption textural analysis. The amylose-to-
amylopectin ratio was determined by using an enzymatic test kit 138
(K-AMYL) purchased from Megazyme (Wicklow, Ireland). Prior to the
GPC tests, alginate samples were pretreated with dimethyl sulfoxide
(DMSO, 99.978 % purity) provided by Fisher Scientific (Loughborough,
UK). For the 'H qNMR analyses, deuterated water (D,0) or deuterated
dimethylsulfoxide (d-DMSO) provided from CortecNet (Les Ulis,
France), and Hy05 35 % w/w from Merck (Milano, Italy) were used.

2.2. Aerogels production by scCOy technology

Starch cylindrical and alginate beads hydrogels were prepared
following a reported methodology [27]. Briefly, cylindrical starch
hydrogels were prepared from aqueous 8 % (w/w) starch dispersions.
The solutions were dosed in cylindrical syringes (50 mm in height and
10 mm in diameter). After being stored at 4 °C for 48 h for retrogra-
dation, the starch hydrogels were immersed in EtOH to obtain alcogels
and 24 h later the alcogels were cut into cylinders of 3.5 mm length.
Alginate hydrogel beads were prepared using the dripping method by
ionic gelation of a 2.0 % (w/w) solution dropped through a syringe (2
mm nozzle diameter) on an aqueous 150 mM CaCl; solution bath. After
2 h of aging in the CaCly solution under constant stirring, the hydrogel
particles were directly submerged in absolute EtOH for solvent exchange
to obtain alcogel beads. Both polysaccharide alcogels were subjected to
two additional solvent exchange steps at 24 and 48 h to completely
replace the water with EtOH in the gel structure (Fig. 1).

The resulting starch and alginate alcogels were enclosed in filter
paper pouches and subjected to a supercritical drying treatment. The
supercritical drying was performed in a manual equipment (HPE-350
lab, Eurotechnica GmbH, Bargteheide, Germany) provided with an
extractor of 400 mL of operative volume. The samples were placed in-
side the high-pressure vessel and soaked with 80 mL of EtOH. The
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Fig. 1. Schematic representation of the process used to obtain scCOy-sterilized aerogels. The fabricated hydrogels were directly immersed in absolute ethanol to
obtain alcogels, which were subsequently converted into aerogels by scCO, drying. The aerogels were then placed in a high-pressure vessel with H,O, loaded at the
bottom of the autoclave, and alongside B. pumilus bioindicator spore strips, to achieve scCO-sterilized aerogels.

process was carried out at 39 °C under three consecutive steps at
different operating conditions: (1) a constant flow rate of 15 g/min of
CO; at 120 bar during 2 h; (2) a step at 135 bar without flow for 1 h; and
(3) a flow rate of 7 g/min of COy at 120 bar for 1.5 h. Finally, the
autoclave was manually depressurized at a rate of 1.5 bar/min.

The prepared starch (samples named as STA) and alginate (samples
named as ALG) aerogels were packaged in thermosealed sterilization
pouches (Soplaril Hispania, Barcelona, Spain) to avoid contamination
after being subjected to the different sterilization protocols.

2.3. Development and optimization of the scCOy sterilization protocol for
polysaccharide aerogels

The sterilization treatment consisted of evaluating the survival
resistance of B. pumilus dry spore strips to a scCO» environment at 140
bar and 39 °C, under constant stirring (700 rpm) and establishing a
depressurization rate of 3 bar/min. Each sterilization treatment was
performed in triplicate. The dried spore strips were packaged in ther-
mosealed sterilization pouches, placed in a 100 mL high-pressure vessel
(TharSFC, Pittsburg, PA, USA) and subjected to sterilization conditions.
After sterilization, the spore strips were collected and seeded in TSB
medium and incubated for 7 days at 37 °C. The test of absence of bac-
terial growth was carried out by naked-eye evaluation of the turbidity in
the tubes and confirmed by seeding on TSA plates each day for 7 days.
The processing conditions were considered sterilizing at SAL-6 sterili-
zation levels when there was absence of bacterial growth for these
strains after 7 days of culture.

The effects of exposure times (2-5 h), H,04 concentrations (0-1330
ppm or mg/L) and the operating regime for the renewal of the scCOy
environment inside the autoclave during sterilization (static, dynamic
and combined) on sterilization efficacy were tested to identify the
optimal conditions. In the static regime, scCO5 was maintained inside the
autoclave without any fresh CO; flow. In the dynamic regime, a contin-
uous flow of fresh CO, at 5 g/min was used to renew the autoclave
environment. Finally, a combined regime was tested, integrating both
static and dynamic conditions, with durations ranging from 1 to 2.5 h,
for the static, and 1.5-2.5 h for the dynamic, respectively. Accordingly,
the batch trial conditions were denoted as ScCO2R-
egime_Time_Concentration: where Regime corresponds to static (St),
dynamic (Dy), or combined (Co) regimes; Time is the exposure time (1,
2, 2.5, or 5 h). In the case of the samples obtained by the combined
regime, the Time is expressed as static duration + dynamic duration.
Finally, Concentration is the HoO concentration used (0, 670, or 1330
ppm).

The most effective sterilization conditions for each regime (i.e. the
lowest processing time and additive concentration combination) were
applied to starch and alginate aerogels, yielding the following

designations: STA_scCOzSt and ALG _scCO:St (static), STA_scCOzDy and
ALG scCOzDy (dynamic), and STA scCO:Co and ALG scCOzCo
(combined).

Selected scCO> sterilized samples (STA_scCOzCo and ALG _scCO=Co)
were subsequently subjected to different aeration treatments (vacuum
or exposure to CO, atmosphere): 1) Vacuum (—0.8 mbar) treatment
during different times (2-24 h) at room temperature; samples denoted as
STA_scCOzCo_Vt and ALG_scCOzCo_Vt, where t is the vacuum duration. 2)
Exposure to fresh CO, atmosphere at different pressures (2.5 or 50 bar)
for 3 h; samples denoted as STA_scCOzCo_ xbar and ALG_scCOzCo_xbar,
where x can be 2.5 or 50 depending on the pressure (in bar) used. The
aerogel samples were subjected to aeration enclosed in the same ther-
mosealed sterilization pouches previously used during the sterilization
procedure and without any manipulation.

2.4. Conventional sterilization procedures tested on polysaccharide
aerogels

2.4.1. Ethylene oxide: chemical sterilization treatment

EO sterilization process was carried out in a SUOD142483 sterilizer
(Suphatec S.L., Bigues i Riells, Spain) by Esterilizacion S.L. (Barcelona,
Spain) following the ISO 11135:2014 [28]. The aerogel samples in
thermosealed pouches were treated under 55 °C and a minimum relative
humidity of 40 % for 4 h. Then, sequential ventilation steps were per-
formed as follows for cleaning possible toxic EO residues in the samples.
Firstly, the samples were subjected to a vacuum process for 21 min,
followed by a fresh Ny flow for 8 min at 600 mbar. Then, a second
vacuum period of 12 min was carried out, followed by an 8-min air
venting step at 600 mbar. The samples were ventilated with fresh air at
500 mbar for 34 min and could be collected 48 h after. The obtained
samples were denoted as ALG_EO and STA_EO.

2.4.2. y-Rays: physical sterilization treatment

Polysaccharide aerogel samples in thermosealed pouches were
delivered to a first-category radioactive institution IR/B-02/69 (Arago-
gamma S.L., Les Franqueses del Valles, Spain) to be subjected to y-ray
irradiation. The treatment was performed with a ®*Co source reaching a
dose of 30.6 kGy and exposing the material for 7.53 h, following the ISO
11137-A2:2020 [29]. The obtained samples were denoted as ALG_y-rays
and STA y-rays.

2.5. Textural characterization of aerogels

The bulk density of starch aerogel cylinders (ppyx) and the envelope
density of the alginate aerogel beads (pgny) Were determined from the
density equation. The volume of the starch aerogels was calculated by
measuring the diameter and the height of the cylinders. The particle
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diameter of alginated aerogel beads was measured by a dynamic image
analysis using a CamSizer X2 (Microtrac Retsch GmbH, Haan, Ger-
many). This equipment equipped with an X-Fall module allowed a
controlled amount of sample to be introduced into the feeding system to
ensure a continuous and uniform flow through the detection zone which
employs a dynamic image acquisition using high-speed cameras to
detect particles in the diameter size range of 0.8 pm to 8 mm. For each
sample, at least 100 particles were measured. The analysis was con-
ducted using the MICROTRAC software (Microtrac Retsch GmbH, Haan,
Germany) measuring particles with sphericities higher than 0.7.

The skeletal density of the aerogels (pske]) Was determined using a
helium pycnometer (Quantachrome, Boynton Beach, FL, USA) at room
temperature (25 °C) and 1.01 bar. Values were obtained from five rep-
licates (standard deviation <5 %). The resulting overall porosity (¢) was
calculated according to Eq. (1), where p; corresponds to either bulk or
envelope density.

£(%) = (1—ﬁ)x 100 )
Pskel

The shrinkage (Sy) of the treated materials was calculated in terms of
volume following Eq. (2) by comparing the volume of the untreated
aerogel (Vpjank) and the aerogel after being subjected to different ster-
ilization treatments (Vreated)-
sV (0/0) _ VBlank - VTreated (2)

Viank

The textural properties of the untreated and sterilized aerogels were
determined by Ny adsorption-desorption analysis (ASAP 2000 Micro-
meritics Inc., Norcross, GA, USA). Firstly, the samples were degassed
under vacuum (<1 mPa) for 24 h with a degassing temperature of 40 °C
and 60 °C for alginate and starch aerogels, respectively. The specific
surface area (Apgr) of the aerogels was determined by the Brunauer-
Emmett-Teller (BET) method, whereas the Barrett-Joyner-Halenda
(BJH) method was used to calculate the specific pore volume (Vp), the
percentages of the specific mesopore volume (Vieso) and specific mac-
ropore volume (Viacro), and mean pore diameter (Dp) from the data of
the desorption branch of the N, adsorption-desorption isotherm.

Moreover, the samples were sputter-coated with a 10 nm layer of
iridium (Q150 T S/E/ES equipment, Quorum Technologies, Lewes, UK)
and studied by scanning electron microscopy (SEM) using a FESEM
UltraPlus microscope (Zeiss, Jena, Germany).

2.6. Chemical characterization of aerogels

The chemical properties of starch and alginate raw materials (Raw
powder), the untreated (Blank) and the sterile aerogel samples were
characterized to identify any changes arising from the different sterili-
zation processes. FTIR measurements were carried out on a Bruker
Tensor 27 (Bruker Optics, Inc., Billerica, MA, USA) spectrometer, on KBr
disc, by mixing 1 mg of dried sample with an appropriate amount of KBr,
until free of granularity. The spectra were recorded within the
4000-400 cm ™! wavenumber range.

Monodimensional NMR experiments were recorded on a Bruker
AVANCE NEO 600 spectrometer (Bruker Biospin, GmbH Rheinstetten,
Karlsruhe, Germany, with Bruker Bio-spin software TOPSPIN v.4.1.4),
operating at 14.07 T, equipped with a 5 mm reverse Z gradient cryo-
probe Prodigy, and thermostated autosampler at 320 K. The preparation
of samples for the NMR analysis, and the acquisition and processing
parameters are described in Supplementary Information (section SI' 1.1).

The chemical structure of the starch aerogels was also evaluated by
determining the amylose-to-amylopectin ratio using the enzymatic test
kit K-AMYL. The untreated and sterilized samples were weighed (ca.
17.5 mg) and ground with a mortar to obtain a powder. To avoid the
interference of lipid contents, the samples were pre-treated by
dispersing in 1 mL DMSO using a vortex mixer, heated in boiling water
for 15 min, and cooled at room temperature for 5 min. Subsequently, 2
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mL of EtOH 95 % (V/V) were added under continuous stirring to pre-
cipitate the defatted starch. A pellet was obtained after centrifuging at
2,000 rpm (Compact Tabletop Centrifuge 2010, Kubota, Tokyo, Japan)
for 5 min and dispersed in 2 mL DMSO using a vortex mixer and heated
in water for 15 min. A 4 mL solution of concavalin A (Con A) which
forms complexes with amylopectin solution, was added and vigorously
mixed, transferred to 25 mL volumetric flask and diluted with the pre-
vious Con A solution. The following steps, according to the kit proced-
ure, include the determination of total starch, precipitation of
amylopectin (after denaturation of Con A), and determination of
amylose remaining content. The amylose content is then calculated ac-
cording to Eq. (3), where 6.15 and 9.2 are the dilution factors for the Con
A and Total Starch extracts, respectively. Each sample was measured
with two or three (if the average deviation was >5 %) replicates.

6.1 5'AbSCon A supernatant

100 3
9.2-Abs Total Starch ( )

Amylose (Y%ow/w) =

The number-average (Mn), weight-average (Mw) molecular weights
of both polysaccharide aerogels, along with the polydispersity index (B
= Mw/Mn), as well as the degree of polymerization (DP) were deter-
mined using an absolute multi-angle laser light scattering (MALS) de-
tector connected to a size-exclusion chromatographic system. The
analysis of the alginate aerogels was performed using a Malvern Pan-
alytical system (Malvern, UK) equipped with two PL aquagel-OH MIXED
8 pm (300 x 7.5 mm) columns, preceded by a PL aquagel-OH Guard 8
pm (50 x 7.5 mm) pre-column. Data acquisition and processing were
carried out using OMNISEC v11.41 software (Malvern, UK). The
refractive index detector and the columns were maintained at 40 °C,
while the autosampler was held at 35 °C. The eluent (0.1 M NaNOs in
water) was delivered at a flow rate of 0.9 mL/min. Calibration was
performed using pullulan standards (Polymer Laboratories, Shropshire,
UK) in the 5.8-380 kDa molecular weight range. Samples were prepared
by dissolving the polymer in 0.1 M NaNO3 aqueous solution at 25 °C for
60 min to a final concentration of 2-4 mg/mL, followed by filtration
through a 0.22 pm PTFE membrane filter.

2.6.1. H,0; quantification on scCOy sterilized aerogels

The quantification of HyO, was done acquiring 'H gNMR spectra and
the concentration of H,O5 was calculated from Eq. (4), where [mM]yp
and [mM]g are the concentrations of HyO5 (in mM) and the standard
solution, respectively; Iyyp and I are the integrals values and Hyp and Hg
the number of protons estimated from the signal of HoO; and the stan-
dard solution, respectively [30,31].

Lip  Hs

= . 4
Hyp-[mMg Is )

[mM]HD

Eq. (4) is based on the assumption that the peak areas are directly
proportional to the number of nuclei responsible for the corresponding
signals, in the active volume. Data was acquired on two slots of samples
and in triplicate to validate the reproducibility of both experimental
synthesis and NMR data. The solvent peak (d-DMSO) was normalized in
all spectra, and the reference standard with the closest matching H202
signal to the sample was selected. The area of the H,O5 signal was
quantified using an external standard solution of H3O» in d-DMSO,
selected within a series of known H,0, concentrations solutions
(Table S1 in Supplementary Information).

To validate this 'H gNMR method, Hy05 quantification was also
assessed with an internal standard solution. Toluene was chosen as the
internal standard because it is chemically inert with the functional
groups of both polysaccharides, and its 'H NMR resonances do not
overlap with those of starch and alginate. Furthermore, toluene is
available in high purity and is soluble in DMSO. The H20; content was
determined comparing the integral of HoO, with those of the aromatic
resonances of toluene (7.25-7.15 ppm), in Eq. (4), and considering a
6.27 mM concentration for the internal standard.
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2.7. Cell viability studies

The cytocompatibility of the sterilized aerogels was tested with the
NIH-3 T3 cell line (ATCC: CRL-1658) [5]. The cells were seeded in 24-
well plates containing 500 pL. DMEM supplemented with 10 % bovine
serum and 1 % penicillin-streptomycin (12000 cell per cm? for 24 h and
8000 cell per cm? for 48 h) and incubated at 37 °C in a humidified at-
mosphere supplemented with 5 % CO». After 24 h, the materials were
placed in 24-well culture inserts (PET track-etched membrane with 0.4
pm pore size) in triplicate, 100 pL of medium was added on top and they
were introduced in the well plate. To ensure that potential HyO5 residues
will be dissolved in the medium, the viability was also measured in
triplicate after 48 h. Negative controls consisting of cells without ma-
terial were also incubated under the same conditions and in triplicate for
24 and 48 h. The untreated aerogels (Blank) were firstly sterilized by UV
for 30 min and then placed in the wells with cells using culture inserts.

Cell viability was assessed using the resazurin assay that measures
the mitochondrial function of metabolic active cells. The material was
removed from the cells after 24 and 48 h of incubation; the culture
medium was aspirated and 300 pL of 44 pM resazurin were added in
each well. After 3 h of incubation under identical conditions, fluores-
cence was measured at an excitation wavelength of 544 nm and an
emission wavelength of 590 nm in a microplate reader (Infinite® M200,
Tecan Group Ltd., Mannedorf, Switzerland).

2.8. Statistics analysis

Results were expressed as mean + standard deviation. Statistical
analyses of textural properties, amylose-to-amylopectin ratio results and
cell viability were obtained using 2-way ANOVA test (p < 0.05) followed
by the post-hoc Tukey HDS multiple comparison test using GraphPad
Prism v.8.0.2 (GraphPad Software, Boston, MA, USA).

3. Results and discussion

3.1. Development of scCOy sterilization treatments under different
exposure regimes

Microbial inactivation using scCO2 technology positions itself as a
sustainable alternative to the environmental and operational hazards
encountered with EO and y-rays [15,16,18,19]. The scCO4 sterilization
method also allows the valorization of the abundant CO; generated as a
by-product in various industrial processes. Following the standardized
sterilization models used for EO and y-irradiation, a biological indicator
was employed to verify the efficacy of the process [28,29]. For super-
critical sterilization, the most resistant type of microorganism (bacterial
endospores) was selected. Extensive studies demonstrated that
B. pumilus is the most resistant bioindicator [26,27,32,33]. Accordingly,
a complete inactivation of the biological indicator with a probability of
one surviving organism in one million (SAL-6) ensures that weaker
vegetative bacteria, both Gram-positive and Gram-negative, and fungi
can be considered fully inactivated [26]. Aiming the standardization of
this sterilization technology, dry endospores of B. pumilus were
demonstrated as the most resistant microorganism and thus established
as biological indicator (BI) for this technique [27,32,33]. Microbiolog-
ical inactivation using scCO5 without additives has been demonstrated
in numerous studies, but always without reaching SAL-6 against
B. pumilus dry bacterial endospores [24,34,35]. The effectiveness of
water as an additive of scCO2 has been reported for enhancing the
inactivation of B. pumilus in a liquid suspension, which is a weaker form
than dry spores, and under working conditions (200 bar, 55 °C for 1 h)
not compatible for the treatment of aerogels and thermosensitive ma-
terials [36,37]. This BI was only reliably sterilized in scCOy environ-
ments by adding oxidants such as HyOs or peracetic acid (PAA)
[26,27,32,34,38-40]. This type of additives acts by generating hydroxyl
radicals that disrupt key cellular components, including DNA and
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membrane lipids [41,42]. Compared to PAA, H,O, offers important
advantages such as being odorless, less corrosive, and decomposing into
harmless water and oxygen, thereby reducing toxic residues and
improving material compatibility [43]. Nevertheless, residual HyO-
must be carefully controlled in the sterilized material due to its cyto-
toxicity and negative effects on tissue compatibility above threshold
levels [44,45].

The process parameters involved in the scCO sterilization treatment
are numerous and a multivariable study involving a significant experi-
mental effort is required to define the optimum conditions. To reach the
mildest sterilant conditions, the working pressure, temperature, stirring
and depressurization rates were set at 140 bar, 39 °C, 700 rpm, and 3
bar/min, respectively, based on previous results in literature [26]. The
new protocols of scCO; sterilization herein presented are based on three
different exposure regimes: static, dynamic and combined. In the combined
regime, tests were designed with a first static regime step, followed by a
dynamic regime step. The combined regime encompasses the advantages
of working on batch [34] that ensures a contact of the material with a
known additive content for a certain time, and of working in continuous
that favors the removal of the additive entrained with a fresh CO5 flow
and the extraction of cell membrane components by extraction, thus
enabling enough time for sterilization to be completed while removing
the additive within the process [27]. The two other processing param-
eters were exposure duration and H,O2 concentration. The optimization
of the protocol in terms of process duration will reduce economic costs,
whereas the reduction of the HpO, presence during the procedure will
favor the biocompatibility of the material.

All conducted sterilization tests are presented in Table 1. Steriliza-
tion efficacy was evaluated using commercial dry-spore strips contain-
ing 10 spores. After incubation in TSB and TSA media for 7 days, the
absence of microbial growth corresponds to a log-6 reduction, con-
firming sterility. A 5-h treatment applied under static, dynamic, or
combined (2.5 + 2.5 h) regimes, enabled the complete spore inactiva-
tion even at HyO, concentrations of 670 ppm. In contrast, shorter
treatments (2 h) failed to achieve sterility. Also, 670 ppm of HoOy was
insufficient within 2.5 h of exposure. In all cases, since the HyO5 solution
consists of a HyO5:H5O mixture of 30:70 (w/w), the addition of 1330
ppm of HyO3 inherently includes a proportional amount of H,0 (3110

Table 1

Sterilization experimental trials under scCO5 against B. pumilus dry bacterial
endospores. Conditions in bold text correspond to the selected optimized
conditions.

Trial Regime Duration H>0, B. pumilus
(h) (ppm) sterility

5¢CO,St 5.1330 Static 5 1330 YES

scCO2Dy_ 51330 Dynamic 5 1330 YES

scCOC025+251330 ComPined o505 1330 vEs
(Static+Dynamic)

5cC0O2St.5.670 Static 5 670 YES

scCO2Dy. 5670 Dynamic 5 670 YES
Combined

5¢C02Co0.2.5+2.5.670 (Static+Dynamic) 25+25 670 YES

5¢COzSt 2.5 1330 Static 2.5 1330 YES

scCO2Dy 2.5 1330 Dynamic 2.5 1330 YES
Combined(

5¢C0O2Co_1+1.5.1330 Static + 1+1.5 1330 YES
Dynamic)

5¢C0O58t 2.5 670 Static 2.5 670 NO

scCO2Dy 2.5 670 Dynamic 2.5 670 NO
Combined

5¢C02Co_1+1.5_670 (Static+Dynamic) 1+15 670 NO
Combined

5¢C0O2C0_1+1.5.0 (Static-+ Dynamic) 1+15 670 NO

5¢CO2St.2.1330 Static 2 1330 NO

scCO2Dy 2 1330 Dynamic 2 1330 NO
Combined

1+1.1 1+1 1 N
5¢C0O2Co_1+1.1330 (Static-+Dynamic) + 330 (0]
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ppm). An experimental trial was conducted at 0 ppm of H,O5 and in the
presence of 3110 ppm of pure water (scCO2Co 1+1.50). This test
confirmed that the presence of a strong oxidant additive during the
process was necessary, since sterility was not achieved after 2.5 h in the
presence of pure HyO. Overall, the exposure regime itself did not
significantly influence the sterilization efficacy, as all three approaches
exhibited comparable performances when conducted under similar
H505 contents and duration conditions. The most consistent inactivation
result was 2.5 h of treatment with 1330 ppm H;0,, regardless of the
exposure regime, identifying these conditions as optimal to achieve a
complete sterilization of B. pumilus.
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3.2. Textural characterization of sterilized aerogels

Two polysaccharide (starch and alginate) aerogels were chosen to
evaluate the different supercritical sterilization procedures. These ma-
terials allow the assessment of the sterility in combination with the
material performance, which is crucial for the safe and effective use of
polysaccharide-based products in medicine. Starch was selected as a
reference material due to their high sensitivity to supercritical condi-
tions [27,46], whereas alginate was chosen for its broad use in regen-
erative medicine [5,7,24]. In addition, the highly porous and
interconnected architecture of aerogels make them interesting model
systems for evaluating the textural alterations induced by sterilization.
These materials were obtained through scCO5 drying, which is able to
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Fig. 2. Textural results of blank and sterilized (A) starch and (B) alginate aerogels: (1) porosity and (2) volume shrinkage (Sy). The dashed line represents the
minimum porosity value accepted for aerogels [2,47]. Same letters denoted the same statistic groups.
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maintain the 3D porous network of the wet gel intact in the final aerogel
regardless of the morphology, a crucial characteristic for the cell adhe-
sion and activity in tissue engineering [2,47,48].

The textural changes induced after the different supercritical steril-
ization treatments were evaluated by comparing the untreated and the
sterile aerogels in terms of porosity and Sy (Fig. 2) as well as Aggr, Dp
and the distribution of Vp (Fig. 3). Results were also compared to those
obtained by EO and gamma sterilization techniques.

After scCOy drying, blank starch and alginate aerogels (STA Blank
and ALG Blank) were characterized, and both presented porosity results
(Fig. 2A.1 and B.1) in the range widely accepted for polysaccharide
aerogels (> 85 %) [2,47]. Sterilized starch aerogels under the static
scCO, treatment (STA_scCO2 St) exhibited significant differences on
porosity as well as a 50 % of Sy compared to the untreated sample
(STA_Blank). The effect of dynamic scCO, treatment (STA_scCO2Dy)
resulted in porosity values under the accepted range and Sy values of ca.
30 %. In contrast, sterilized starch aerogels under the combined scCOy
treatment (STA_scCO»Co) exhibited a porosity value of ca. 85 % and the
lowest Sy values. Starch aerogels subjected to conventional sterilization
treatments (STA_EO and STA y rays) were below the threshold values of
porosity, although there were no statistical differences with respect to
the untreated counterpart. Moreover, these aerogels (STA_EO and STA_y
rays) presented important Sy values, of ca. 37 % and 46 %, respectively.

Sterilized alginate aerogels showed relevant differences among the
sterilization treatments with respect to the blank for porosity (Fig. 2B.1)
and Sy (Fig. 2B.2) values. ScCO, sterilization had different results

Biomaterials Advances 182 (2026) 214698

depending on the exposure regime used. ALG scCO,St aerogels pre-
sented significant textural changes, whereas the use of a flow of fresh
CO4 during sterilization, both in the dynamic (ALG scCO2Dy) and com-
bined (ALG _scCO2Co) regimes, resulted in a non-significant change in
porosity of the aerogel. Additionally, the Sy observed in the latter aer-
ogel samples (43.4 % and 40.3 %) were much lower than in ALG_scCO»St
aerogels. After the EO treatment, no significant changes were observed
in the porosity values compared to the Blank, and the Sy was also below
50 %. After the y-rays treatment, the ALG_ y-rays aerogels had a signif-
icant decrease in porosity and in Sy (81.1 %).

The results of the N, adsorption/desorption analysis (Fig. 3) show
that both untreated blank aerogels exhibited Aggr values typical for
aerogels (> 125 mz/g) [1]. Additionally, the main Dp values confirmed
the presence of a mesopore structure, i.e. between 2 and 50 nm,
although the predominant pores were in the macropore range [1,2].

The results of the sterilized starch aerogels are shown in Fig. 3A.
STA_scCO-St aerogels exhibited Aggr values under the accepted ones for
polysaccharides aerogels, although the Dp and the percentage of Vieso
were higher than those obtained for the blank sample. This last effect
was also observed in starch aerogels sterilized with scCO; technology in
a static regime at 245 bar, 40 °C during 6 h in presence of 360 ppm of
H205 [46]. The static regime could promote two effects, the collapse of
the smaller pores and the solubilization of the water from the additive
into the CO; environment, thus interacting with the hydrophilic poly-
meric chains, damaging the aerogel structure [27,49]. On the other
hand, the starch aerogel samples treated under a fresh flow of CO2
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Fig. 3. N, adsorption-desorption analysis of (A) cylinders of starch aerogels and (B) beads of alginate aerogels: (1) Specific surface area (Aggr); (2) mean pore
diameter (Dp) in the range of mesopore (2-50 nm) and (3) pore volume distribution in mesopores (solid bars) and macropores (stripped bars). The dashed line
represents the minimum value of Apgr widely accepted for aerogels [1]. Same letters denoted same statistic groups.
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(STA_scCOzDy and STA_scCO=Co) exhibited acceptable values on the
Aggr and Dp, although with a slight increase in the percentage Vmacro
compared to the untreated samples. The samples sterilized with EO
(STA_EO) did not achieve Aggr values within the accepted range for
aerogels (Fig. 3A.1). STA_EO aerogel exhibited a Dp value within the
mesopore range, but the treatment caused a decrease in the percentage
of Vineso- The process was carried under 40 % RH, which could cause
water uptake, leading to rearrangement of the aerogel network, result-
ing in loss of Aggr and changes in the pore size distribution [50]. In the
case of y-rays (STA_ y-rays), the treatment was also unsuccessful since
Aggr resulted below the expected value for an aerogel, as well as higher
Dp and Viacro percentage compared to the STA_Blank sample. This effect
could be the result of a pore collapse, that was also reported in the case
of collagen sponges sterilized through y-rays (from 65 pm to 390 pm)
[511.

STA_Blank

STA_y rays

STA scCO,Co_V24
o

NG S
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In the case of the sterilized alginate aerogels (Fig. 3B), scCOs steril-
ization under a static regime (ALG scCO2St) caused an important
decrease on Aggr value as well as an increase in Dp and in the percentage
of Vmeso, However, subjecting the aerogels to a fresh flow of COy
(ALG_scCOzDy and ALG scCOzCo) allowed to preserve the textural
properties of the untreated aerogels with a certain increase in Dp and in
the percentage of Veso. The increase in mesopore volume contribution
was attributed to CO5 flow inducing the growth of the mesopore sizes
and the micropore coalescence forming new mesopores [27]. The sam-
ples treated with EO (ALG_EO) exhibited a significative decrease in Aggr
and Dp compared to ALG Blank, but still within accepted ranges for
biopolymeric aerogels. The samples treated with y-rays exhibited low
values of Aggr, an acceptable Dp alongside an important increase on the
Vmeso Percentage, which is a result of the collapse of the smaller pores as
was also observed with starch samples subjected to the same

ALG_Blank

Fig. 4. SEM images of blank and sterilized starch (left column) and alginate (right) aerogels.
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sterilization technique. adsorption-desorption analysis. However, SEM is not a reliable tech-

The SEM images of blank starch and alginate aerogels (STA_Blank nique for pore size estimation due to frequent irregular cuts during
and ALG _Blank) (Fig. 4) exhibited the typical structure of polysaccharide sample sectioning and the presence of angled surfaces, which compro-
aerogels: a fibrous, open, and highly porous network. The predominance mise measurement accuracy [52]. The fibers in STA Blank aerogels were
of macropores over mesopores is evident, in agreement with the Ny closely connected to others. Aerogels sterilized by scCO, with the
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Fig. 5. FTIR spectra of (A) starch and (B) alginate aerogels before and after being treated with the different sterilization procedures.
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combined regime (STA_scCO2Co and ALG scCO2Co) exhibited a structure
similar to the blank samples, as expected from the N2 adsorption-
desorption analysis. In contrast, aerogels sterilized with EO (STA_EO
and ALG_EO) had a porous network with broken fibers, being the fiber
damage more evident in the alginate aerogel. This effect of EO sterili-
zation is consistent with the increase in Vi,cro Observed in Fig. 3 and was
also reported for other fibrous structures such as in medical devices
[15,33,38,53]. Agglomerated fibers were also observed in aerogels
treated with y-rays (STA_y-rays and ALG y-rays), being this effect again
more pronounced in the case of alginate fibers, which could form new
mesopores with small diameters. This phenomenon has likewise been
reported for facemasks sterilized by y-rays [33]. Overall, these results
suggest that the commonly used sterilization techniques in the medical
field (EO and y-rays) are not suitable for alginate or starch aerogels, as
they compromise the structural integrity of the material. In contrast,
scCO, sterilization procedures, especially those treatments using a fresh
CO,, flow, were more favorable. Particularly, the combined regime was
the most effective method in preserving the morphological properties of
both polysaccharide aerogels (STA_scCO2Co and ALG_scCO2Co).

3.3. Chemical characterization of aerogels

3.3.1. Fourier-Transform Infrared spectroscopy characterization
FTIR spectra of sterilized and untreated starch and alginate aerogel
samples (Fig. 5) show no significant differences between the sterilization
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treatments. In the case of starch aerogel samples (Fig. 5A), the region Al
had a broad O—H stretching band at 3200-3400 cm ™, attributed to
hydrogen-bonded hydroxyl groups, along with C—H stretching peaks
near 2920-2940 cm?, characteristic of the glucose rings [46,54]. The
C—O bending associated with the OH group shows a band at 1595-1625
em™! (region A2). The region A3 displayed strong C-O-C (glycosidic
link) absorption bands between 1000 and 1150 cm ™}, mainly centered
at 1020-1080 cm™!, together with C—O stretching peaks in the
930-1155 cm ™! range, associated with the C-O-C pyranose ring and
glycosidic bonds [54]. In the case of alginate aerogel samples (Fig. 5B),
no significant differences were observed in the characteristic bands of
alginate (O—H stretching at 3200-3400 cm ™! in region B1, asymmetric
COO~ stretching at 1595-1625 cm ™! in region B2, and C—O stretching/
glycosidic vibrations at 1020-1100 cm~tin region B3) [27,55].

3.3.2. Nuclear Magnetic Resonance (NMR) spectroscopy characterization
Quantitative proton nuclear magnetic resonance spectroscopy (H
gNMR) spectroscopy was applied to elucidate the chemical structure of
starch and alginate aerogels and evaluate the effect of each processing
step, from the raw material to the sterilization of the final aerogels. 'H
gNMR is a non-destructive and non-invasive analytical technique with
high sensitivity and specificity for the quantification of excipients in
pharmaceutical products [30,56]. The approach does not require com-
plex sample manipulation or chemical modifications and represents a
robust and reliable alternative to traditional analytical techniques.

STA_ScCO,Dy
STA_ScCO,Co
STA_ScCO,St
STA_EO
STA_y-rays

ms) A STA_Blank

STA_Raw powder

STA_ScCO,St+ H,0,

|
L

STA_ScCO,St

Al ~ STA_Raw powder
4 2 0

Fig. 6. 'H qQNMR @ 600 MHz, 320 K of (A) starch samples for comparison between sterilization procedures. (B) Starch samples compared for the elucidation of H,O,
signal after addition of 0.1 pL H,O,. Enlarged region referred to a vertical expansion of HyO, resonance. Signal marked with the asterisk is DMSO.
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The 'H gNMR spectra for starch samples (Fig. 6A) evidenced the
typical resonances of native maize starch dissolved in d-DMSO, a poly-
mer made of amylose and amylopectin with the 2-6 protons identified in
the 3.21-3.89 ppm region [57,58]. The signals of anomeric a-(1,4)
protons were assigned to the region of 5.0-5.2 ppm, while the a-(1,6)
protons associated with the branched structure of amylopectin, were
assigned to 4.7-4.8 ppm signals. Since no discernible differences were
revealed in the characteristic range of starch, both manufacturing and
the sterilization processes seem not to induce any chemical alterations in
the polymeric structure of starch. However, the samples subjected to
scCO4, sterilization procedures exhibited a new extremely sharp signal at
10.1 ppm that was associated with the sterilization additive, i.e. HyO5
[59,60]. To confirm this hypothesis, 0.1 pL of the sterilization additive
(H202 35 % w/w), was added in a NMR tube containing a dissolved
sterilized starch aerogel (STA_scCO2St). This resulted in a marked in-
crease in the signal intensity at 10.1 ppm in the proton spectrum
(Fig. 6B), thereby supporting the initial assumption.

A 'H-qNMR protocol was used for H,0, quantification in the scCO,
sterilized aerogels. This analytical approach was previously used to
measure H,O, concentrations from 1073 to 10 M in cosmetic and
cleaning products, such as hair sprays, nail treatments, HoO solutions
for disinfection and chemical reagents and polymers commonly used as
pharmaceutical excipients [59,61,62]. The internal standard validation
evidences a strong agreement in both the accuracy of the adopted
methodology and the consistency of data obtained with both internal
and external standards (Table S1). The results of the HoO; quantification
in the scCO4 sterilized aerogels are presented in Table 2. According with
'H qQNMR spectra, when starch aerogels were treated under optimal
conditions (STA_scCO»Co), the sterilized starch sample retained 183
ppm of HyO5 equivalent to roughly 13.8 % of the Hy05 added for
achieving sterility levels.

To validate the 'H gNMR method, H,05 quantification was also
performed using an internal standard solution on randomly selected
samples. The validation results for the external and internal standards
are reported in Table S2, revealing strong agreement and thus con-
firming the accuracy and reliability of the employed analytical
methodology.

The 'H gNMR was also applied to alginate samples (Fig. 7). 'H gGNMR
was recorded in DMSO instead of DO for a precise quantification of
H20,, considering the abovementioned results for starch samples.
Although water is a better solvent for alginate, H,O2 molecules would
fast decompose in aqueous media, resulting in a broad and poorly
defined signal unsuitable for quatification. Some changes were appre-
ciated between the raw powder and the aerogel samples, but these
changes could be attributed to the hard solubility of the samples in
DMSO. Moreover, EO and y-rays sterilization induced polymer chain
scission with new signals in the 4-6 ppm range [63]. Similarly to starch

Table 2

Residual H20: contents on sterile starch and alginate aerogels through
scCO, technology before and after aeration treatments. Conditions in
bold text correspond to the selected optimized conditions.

Sample External standard [H20-]
ppm*
STA_scCO,Co 183
STA_ scCO,Co_V2 509
STA_scCO2Co_V24 132
STA_scCO5Co_2.5bar 178
STA_scCO5Co_50bar 238
ALG scCO2Co 121
ALG scCO2Co_V2 148
ALG_scCO,Co_V24 74
ALG scCO5Co_2.5bar 148
ALG _scCO5Co_50bar 61

" Calculated with respect to the solubilized amount of aerogel in 0.75
mL of d-DMSO, using an external H20- standard solution ([H202] = 6.13
mM).
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samples, the 'H gNMR spectrum of the scCOj sterilized sample displayed
a sharp signal at 10.1 ppm and assigned to HyO3. As observed for starch
aerogels, ALG scCO2Co sample treated under optimal scCO sterilization
conditions, showed remnants of the H,O5 added for sterilization (9.0 %)
within the polymeric matrix (Table 2).

3.3.3. Amylose-to-amylopectin ratio determination of starch aerogels

The amylose-to-amylopectin ratio for the aerogel samples (Table 3)
showed that sterilization treatments increased this ratio to different
degrees. The branched structure of amylopectin is significantly more
sensitive to breaking than the linear structure of amylose [64]. As a
result, the amylose-to-amylopectin ratio increased due to amylopectin
content decreases. This change was more noticeable in the samples
treated with scCOjy, regardless of the exposure regime. Although this
effect was firstly attributed to the oxidative nature of HoO,, the samples
treated only in the presence of water (STA scCO2Co 1+1.5.0) also
showed changes in the amylose-to-amylopectin ratio. Nevertheless, this
aerogel sample exhibited an intermediate value with a non-significant
difference compared to aerogels processed under other supercritical
conditions or even under y-rays. This suggests that under a scCO3 and
water mixture environment structural rearrangements could be induced,
and that such effects are further enhanced in the presence of H202. In
agreement with literature, scCO, has been reported as a plasticizer,
increasing the mobility of starch chains within the amorphous regions
[65] thereby allowing water diffusion and promoting partial disruption
of crystalline domains, leading to a more disordered starch structure
[66].

3.3.4. Gel permeation chromatography of sterilized samples

The GPC molecular weight distributions are shown in Fig. SI.1 while
the analysis of the relevant peaks of starch and alginate samples are
presented in Table 4 and Table 5 respectively.

The results obtained after the analysis of STA Blank aerogel pre-
sented one macromolecular population (Fig. SI.1A) and indicate a ho-
mogeneous polymer with a high degree of polymerization (Table 4). The
fact that the values for Mn and Mw are close to each other suggests a
narrow molecular weight distribution. This could mean that the weight
proportion of the small amylose molecules is similar to that of the large
amylopectin molecules. This finding is consistent with the measured
amylose-to-amylopectin ratio determination (Table 3) of 44.4 %. The
starch aerogels sterilized by the scCOy treatment under the combined
regime (STA_scCO»Co) appear to selectively degrade short branches or
fragments of amylopectin, while preserving long linear chains
(amylose), since there was a single macromolecular population with
higher values of Mn, Mw and amylose-to-amylopectin weight ratio. In
contrast, the samples subjected to EO and y-rays (STA_EO and STA y-
rays) exhibited bimodal molecular weight distributions suggesting the
presence of two main macromolecular populations. The results reflected
increased heterogeneity and a reduced degree of polymerization,
evidencing partial degradation via chain scission. Based on the amylose-
to-amylopectin ratio results, this suggests that amylopectin was more
strongly affected, as its branched a-(1 — 6)-linkages are more suscep-
tible to break under oxidative or radiolytic conditions [64].

The chromatograms of alginate samples (Fig. SI.1B) revealed two
macromolecular populations in all alginate samples, corresponding to
high- (peak 1) and low-molecular weight (peak 2) fractions. The raw
alginate powder (ALG Raw Powder) exhibited the highest molecular
weights and broad D, typical of untreated polysaccharides. The fabri-
cation of the unsterilized aerogel induced a partial degradation of the
polymer since ALG Blank sample showed a noticeable decrease in mo-
lecular weight and D.

For Peak 1, a clear decrease in both the Mn and Mw molecular
weights was observed after the aerogel fabrication and sterilization
compared with the raw powder. All the samples treated with scCO5
(static, dynamic, and combined regimes) showed a less severe depoly-
merization effect. Specially, the combined regime with additive,



M. Carracedo-Pérez et al.

Biomaterials Advances 182 (2026) 214698
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Fig. 7. 'H qNMR @ 600 MHz, 320 K of alginate samples for comparison between sterilization procedures. Signal marked with the asterisk is DMSO.

Table 3

Amylose-to-amylopectin ratio results of the starch samples before and after the
different fabrication and sterilization treatments. Equal letters denoted statisti-
cally homogeneous groups.

Sample Ratio amylose-to-amylopectin (%)
STA Raw powder 46.3 £ 0.9°

STA_Blank 44.4 + 2.5%

STA_EO 48.0 + 3.3%

STA_yrays 50.4 + 1.6>°

STA_scCO,St 65.3 + 5.0¢

STA_scCO2Dy 63.6 + 5.6¢

STA scCO2Co 66.1 + 1.9¢
STA_scC0O,Co0_14+1.5.0 60.9 + 5.9%¢

Table 4

Gel permeation chromatography (GPC) results of blank (STA_Blank) and steril-
ized starch aerogel samples. Number-average molecular weight (Mn), weight-
average molecular weight (Mw), dispersity (P), and degree of polymerization
are reported for each aerogel sample.

Sample Mn Mw b DP
(kDa) (kDa)

STA_Blank 224.31 351.80 1.57 1383.4

STA_EO 149.83 473.13 3.16 924.1

STA_y rays 155.70 398.95 2.56 960.2

STA_scCO2Co 266.12 376.28 1.41 1641.3

STA_scCO2Co_V24 249.20 370.70 1.49 1537.0

ALG scCOzCo, which showed intermediate values suggesting a balance
between sterilization efficiency and polymer integrity, similarly as was
demonstrated in the textural analysis. The most pronounced degrada-
tion occurred in the samples sterilized with EO and y rays (ALG_EO and
ALG y rays) with a decrease of 81 % and 98 %, respectively, and a
marked reduction in the degree of DP, consistent with the oxidative
behavior of EO and the radical-induced breakage of glycosidic bonds
after y-rays treatment [67]. This degradation effect was also observed in
raw alginates after being irradiated under different doses of y-rays [68].
The raw alginate subjected to 60 kGy exhibited an important reduction
(ca. 84.6 %) on Mw.

For Peak 2, corresponding to the lower-molecular-weight fraction,
all samples exhibited narrower dispersity values (P ~ 1.0-1.3). The
aerogels treated with scCO4 technology maintained similar values to the
untreated counterparts while the decrease in Mn and Mw was again
more pronounced for EO and y-ray treatments.

In both peaks could be observed that the sample treated in the
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Table 5

Gel permeation chromatography (GPC) results of alginate raw powder
(ALG_Raw Powder), blank aerogel (ALG Blank), and sterilized aerogel samples.
Number-average molecular weight (Mn), weight-average molecular weight
(Mw), dispersity (D), and degree of polymerization (DP) are reported for each
sample and for the two macromolecular population observed (peak 1 and 2).

Sample Mn Mw b DP
(kDa) (kDa)
Peak 1
ALG_Raw Powder 396.81 2400.63 6.050 12,003
ALG_Blank 212.41 1121.05 5.278 5605
ALG_EO 73.17 156.97 2.145 785
ALG_y rays 82.77 186.22 2.250 931
ALG _scCO5St 71.79 136.64 1.903 683
ALG_scCODy 67.71 138.52 2.046 693
ALG_scCO2Co 79.64 218.78 2.747 1094
ALG_scCO2Co_1+1.5.0 146.78 834.29 5.684 4171
Peak 2
ALG_Raw Powder 9.19 10.85 1.180 54
ALG _Blank 7.64 8.74 1.144 44
ALG_EO 4.66 5.90 1.266 29
ALG y rays 4.59 4.96 1.082 25
ALG_scCO,St 4.67 4.76 1.018 24
ALG_scCO2Dy 4.44 4.87 1.096 24
ALG_scCO2Co 3.90 4.32 1.108 22
ALG scCO2Co_1+1.5.0 5.37 5.86 1.091 29

absence of Hy05 (ALG scCO5Co0_1+1.5.0) had values closer to ALG -
Blank, in except of DP value, which could be related to changes on the
structural water of the polysaccharide. Overall, although all sterilization
methods reduced the alginate molecular weight, oxidant-assisted scCO»
treatments provided the best balance between sterilization efficiency
and preservation of polymer integrity, yielding aerogels with interme-
diate molecular weights and homogeneous molecular distributions.

3.4. Aeration effect and in vitro cell test of sterilized polysaccharide
aerogels

The aerogel samples obtained under the optimal operational sterili-
zation conditions (STA_scCO5Co and ALG scCO5Co) were tested in terms
of biocompatibility with NIH-3T3 cell line (Fig. 8). This cell line is
widely accepted for cytotoxicity testing because it mimics connective-
tissue responses and minimizes false negatives [69]. On both mate-
rials, there was no cytotoxic effect detected for the Blank samples,
although the mandatory sterility condition for using these materials as
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Fig. 8. Cell viability studies of (A) starch and (B) alginate aerogels. Light color corresponds to the results after 24 h of exposure of the cells to the samples, and dark
color corresponds to the results after 48 h of exposure. Asterisk (*) denotes statistically significant difference between 24 h and 48 h results.

biomedical devices was not accomplished. The aerogels treated under
the supercritical sterilization method were sterile at SAL-6 levels but
cytotoxic after 48 h of contact with the cells. This cytotoxicity was
related to the presence of HyO2 in the samples (cf. Section 2.3). In
contrast, the sterility with EO and y rays did not compromise the
biocompatibility of both polysaccharide aerogels as long as the aeration
and the dose were controlled in normalized procedures to avoid toxic
residues. An analog aeration procedure was then adapted for the su-
percritical sterilization treatment to pursue the biocompatibility of the
sterilized material.

The H,0, quantification was performed on STA_scCO2Co and
ALG scCOCo before and after being subjected to different aeration
treatments (Table 2). For starch aerogels, it was observed that the
sample with less concentration of HyO, was the one subjected to 24 h of
vacuum (STA_scCO2Co_V24) with a value of 132 ppm of H30. Similarly,
for alginate sterilized samples, the lowest H20- content was observed
when the aerogels were subjected under vacuum for 24 h (ALG_scCO2-
Co_V24) or exposed to 50 bar of COy (ALG scCO2Co_50bar). Shorter
vacuums times (STA_scCO2Co_V2 and ALG scCO2Co_V2) or atmospheres
at lower CO, pressures (STA_scCO2Co_2.5bar and ALG_scCO2Co_2.5bar)
had a negligible effect on HyO, content reduction in the aerogel back-
bone. Since for both polysaccharides the lowest amount of H,0, was
obtained after exposing the samples of 24 h of vacuum, STA scCO,.
Co_V24 and ALG scCO2Co_V24 aerogels were selected as the optimal
aeration conditions for obtaining sterile aerogels.

To verify that the vacuum treatment did not alter the functionality of
the sterilized aerogel (STA_scCO2Co and ALG scCO2Co), the samples
subjected to 24 h of vacuum (STA_scCO2Co_V24 and ALG_scCO2Co_V24)
were characterized by SEM and FTIR (Figs. 3 and 4). These analyses
revealed no significant textural or chemical differences compared with
the non-aerated sterilized counterparts (STA scCO2Co and ALG sc-
CO4Co). As a preliminary and conservative toxicological screening, the
Margin of Safety (MoS) was estimated following ISO 10993-17 using the
equation MoS = TI / Exposure, with a conservative Tolerable Intake (TI)
of 0.4 mg/(kg-day) derived from repeated-dose NOAEL data (~40 mg/
(kg-day) in rats) and standard uncertainty factors applied (x100) [70].
Exposure was calculated under a worst-case scenario, assuming a 70 kg
patient and complete release of the total H,0, content quantified by *H
NMR from 1 g of aerogel within 24 h. Under these conditions, the
STA_scCO2Co_V24 and ALG_scCO2Co_V24 samples exhibited MoS values
of 2.83 and 5.00, respectively, exceeding the ISO 10993-17 acceptance
criterion (MoS > 1) and supporting the toxicological acceptability of the
materials within the scope of this study. Finally, the cell viability test
confirmed the additional advantage of these aerogel samples in

13

maintaining biocompatibility even after 48 h of contact with cells.
4. Conclusions

The effectiveness of scCO; technology in the sterilization of poly-
saccharide aerogels in comparison to conventional EO and gamma ra-
diation treatments was herein demonstrated. Sterilization protocols
were developed in which exposure time and additive concentration were
identified as the critical variables for reaching SAL-6 sterility. The
optimal conditions were set at 2.5 h of treatment and an additive con-
centration of 1330 ppm of Hy0,. Regarding the textural and chemical
properties of the sterilized aerogels, scCO, exposure regime had a clear
effect on the porous structure of the aerogels, with supercritical sterili-
zation under a combined scCO; regime (i.e. 1 h of static regime followed
by 1.5 h of dynamic regime) allowing a balance between the effective-
ness of the process and the preservation of the original properties of the
material. In contrast, conventional EO and gamma methods significantly
altered the structure of the aerogels. 'H qNMR results showed that an
aeration through a vacuum treatment of 24 h after supercritical sterili-
zation reduced the amount of Hy05 by ca. 30 and 40 % in starch and
alginate aerogels, respectively. This post-sterilization vacuum treatment
was a key step to ensure the cellular compatibility of aerogels intended
for regenerative medicine purposes. The supercritical methodology
herein proposed can be extended to other materials and purposes and
can open the possibility of the safe reuse and recycling of nanostructured
materials, from polysaccharides to other complex materials through
their microbial inactivation.
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