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Abstract

The use of bio-based raw materials in the manufacture of customized aerogels has
increased significantly over the last decade. Combining the advantages of biopol-
ymer sustainability and lower costs when producing aerogels in particulate form,
agar aerogel particles were fabricated in this study. They were prepared by succes-
sive thermal gelation, ethanol solvent exchange, wet milling and supercritical CO,
assisted drying. The particles still maintain high porosity (~1.0 cm® g~!) and high
specific surface areas (210-270 m? g~'). The stability in wound fluid substitutes,
liquid holding capacity, and cytocompatibility of these agar-based aerogel particles
may make them an advantageous wound-dressing matrix that can be further custom-
ized for particular applications by adding wound-active/reactive substances, such as
antibiotics, antioxidants, immunoreactive drugs or growth factors.
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Introduction

The life sciences and biotechnology sector has been facing the challenge of address-
ing the environmental and sustainability agenda for many years now. The sector
aims to ensure resource efficiency through energy efficiency and circular economy
and to address renewable resources, which include both natural biopolymers and
chemically synthesized molecules from biological materials [1-3]. Due to their bio-
degradable properties and biocompatibility, biopolymers are useful for a variety of
life science applications, including edible films, emulsions, packaging materials in
the food industry, drug delivery materials, medical implants, wound healing, tis-
sue scaffolds, and dressing materials in the pharmaceutical industry [4-6]. Creating
porous, three-dimensional, ultra-light aerogel materials further expands the potential
applications of biopolymers in the life science sector [7—12]. Since the invention of
aerogels in 1931 by Steven Kistler [13], aerogels made from bio-based materials
have been highly valued in research and applications. To realize their full potential,
advanced strategies need to be developed, to shorten production times and reduce
costs so that bio-aerogel production can transit from laboratory phase to commercial
scale [14-18]. Aerogels containing polysaccharides account for most of the current
bio-applications [17, 19].

In recent decades, a variety of natural raw materials and their combinations
[17, 20, 21] along with various preparation technologies (e.g., covalent, ionic,
pH-induced, thermal or cryo-cross-linking) have been investigated to develop pol-
ysaccharide-based aerogels with different functions for diverse applications [16,
22]. In addition, polysaccharide-based aerogels can be also tailored for intended
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use by fabricating them in different forms such as monoliths, films, beads, parti-
cles, fibers, or scaffolds [7, 20, 23-25].

Aerogel particles, in particular, bring advantages when it comes to processing,
as they need shorter solvent exchange and extraction times [12]. They can be pro-
duced by several different methods based on droplet generation from biopolymer
solutions, such as the conventional dropping method, vibrating nozzle, electro-
static method, mechanical cutting, spraying, and the formation of spherical drop-
lets in an oil phase [16]. Alternatively, particles can also be produced by down-
milling of larger hydro-, alco- or aerogel structures. Depending on the method
used, aerogel particles can be of different sphericities and sizes [26]. This form
of aerogels serves a wide range of applications. They are used for insulation pur-
poses or in life science fields as sorption material or carriers for flavors, drugs,
and cosmetic ingredients [16].

Agar is a polysaccharide that has been widely used in life sciences, most com-
monly food, cosmetics, pharmaceutical, and biotechnology sectors [27]. Aerogels
from this precursor were mentioned as early as in the work of Kistler [13], but
have since rarely been reported in the literature in this context. Agar is a nat-
ural hydrophilic polymeric polysaccharide extracted from the cell of red algae
and consists of two polymers, agarose and agaropectin. Agarose is a disaccharide
made up of D-galactose and 3,6-anhydro-L-galactopyranose, while agaropectin
is a mixture of smaller molecules made of alternating units of D-galactose and
L-galactose modified with acidic side groups [28]. Agar demonstrates high gel-
ling ability, mainly due to the agarose component, forming strong gels at a broad
range of polymer concentrations [29]. Furthermore, the previous works demon-
strated that aerogel slabs, tablets and beads can be produced from this polysac-
charide with reasonable quality via the supercritical drying route reaching surface
areas of up to 320 m%/g [23, 30—32]. Agar aerogel tablets have also been demon-
strated to be a promising material for wound dressing applications in an in vivo
study. The results suggested easy removal from the wound site, complete healing
of the skin and shorter healing time compared to that of gauze-treated wounds
[32]. However, additional properties need to be evaluated to complement these
findings and support further biomedical applications of agar aerogels.

The aim of this work was to produce sustainable agar aerogels in particulate
form and characterize their physico-chemical properties, swelling capacity and
biocompatibility. Wet-milling method, followed by a supercritical CO, (sc-CO,)-
assisted "green processing technology" combining material performance, envi-
ronmental and safety aspects [33] was applied. The physico-chemical characteri-
zation of the aerogels was done by nitrogen sorption analysis, Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and high-reso-
lution scanning electron microscopy (HR-SEM). With regard to the possible use
of these materials as liquid absorbers, the preservation of the porous aerogel scaf-
fold structure is important. Therefore, the free swelling capacity (FSC) and cen-
trifuge retention capacity (CRC) of the aerogels were determined using distilled
water, PBS buffer or simulated body fluid as aqueous medium. Finally, the cell
compatibility of the synthesized aerogels was investigated on a range of mam-
malian cells.
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Materials and methods
Materials

Agar (extracted red alga/ Rhodophyceae), CaCl,, CaCO;, DMSO, ethanol, K,HPO,,
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), MgCl,,
NaCl, NaH,PO,, NaHCO; and Na,SO,, were purchased from Carl Roth GmbH + Co.
KG (Karlsruhe, Germany). Cell Counting Kit-8/water soluble tetrazolium (WST)-
8, D-(+)-gluconic acid &-lactone (GDL), ethylenediaminetetraacetic acid (EDTA),
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), KCI, penicil-
lin—streptomycin, Sodium alginate (derived from brown seaweeds/ Phaeophyceae),
Triton-X-100 were delivered from Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany). CO, (purity >99%) was obtained from Praxair GmbH (Ratingen, Ger-
many). Dulbecco’s Modified Eagles Medium (DMEM) and fetal calf serum (FCS)
were from PAN-Biotech (Aidenbach, Germany).

Aerogel preparation

Agar hydrogels (0.5, 1.0, 2.0 or 3.0% w/w) were prepared as described by Tetsujiro
Matsuhashi [34] by heating water to 95 °C using a water bath and subsequent addi-
tion of the appropriate mass of the agar powder. The solutions were covered and
stirred continuously for 1 h to completely dissolve the agar, after which hot agar/
water solutions are poured into the molds (polystyrene 6-well plates) and left at
room temperature to gel into hydrogel discs with a diameter of 30 mm and a height
of ~5 mm. Prior to the solvent exchange, the agar hydrogels were removed from the
molds. The solvent exchange was done by immersing the hydrogels in the excess
of pure ethanol. This was repeated several times to ensure the complete removal of
water from the gels. For each solvent exchange step, the gels were left in ethanol
overnight (~15 h) to allow for the mass transfer between the gels and the bulk to
be completed. The agar alcogels were crushed in a blender (SM 3718, Severin) to a
particle size of about 1 mm and subsequently ground in a colloid mill IKA magic
LAB; Grinding speed: 2200 rpm; Mill gap: 900 um). The obtained alcogel particles
were packed in filter paper bags and dried under constant CO, influx for ~8 h at
60 °C and 120 bar as described by Gurikov et al. [35].

Textural properties of aerogels

Images of agar aerogel particles were taken by light microscopy (VisiScope
TL384H). Nitrogen adsorption—desorption analysis (Quantachrome Nova 3000e)
was used to determine the microstructural properties of the agar aerogel powders.
The specific surface area (Sgpr) was determined by Brunauer—-Emmett-Teller (BET)
method and the pore size distribution, mesopore radius (Ipyesopore) @and mesopore
volume (V ) were estimated by Barrett—Joyner—Halenda (BJH) method.

mesopore.
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All samples were degassed under vacuum at 60 °C for at least 6 h prior to the
measurements.

SEM pictures were recorded on a Field Emission Scanning Electron Microscope
Zeiss DSM 982 GEMINI equipped with a secondary electron in-lens detector (Carl
Zeiss Microscopy GmbH, Jena, Germany) and the DISS6 acquisition software
(point electronic GmbH, Halle/Saale, Germany) after sputtering with gold (6 nm
gold coating, Baltec Sputter Coater SCD 050). Measurements were carried out at an
accelerating voltage of 6 kV and under high vacuum.

FTIR analysis

Infrared spectra of the aerogel material were measured with a Bruker Tensor II
spectrometer (Bruker Optic GmbH, Karlsruhe, Germany) equipped with a liquid
nitrogen-cooled mercury-cadmium-telluride detector. The samples were measured
in absorption mode with a Platinum ATR Diamond cell (Bruker Optic GmbH,
Karlsruhe, Germany) against air as background. Each spectrum results from an aver-
age of 120 scans recorded with a resolution of 2 cm™! from 4,000 to 800 cm™! at
20 °C. Spectra were off set-corrected in the region of 3,800-4,000 cm™' using the
software provided with the spectrometer (OPUS 7.5). The peaks were normalized to
the highest intensity values.

Swelling properties

Swelling studies were done using either distilled water, PBS buffer (137 mM NaCl;
2.7 mM KCI; 2 mM Na,HPO,; 1.8 mM KH,PO,); PBS+1 M NaCl or simulated
body fluid (SBF) (137 mM NaCl; 4.1 mM NaHCO;; 3 mM KCI; 0.1 mM K,HPO,;
1.5 mM MgCl,; 2.5 mM CaCl,; 0.5 mM Na,SO,; 50 mM Tris; 45 mM HCI; pH
7.4) [36] as liquids with free swelling capacity and centrifuge retention capacity
methodology.

The free swelling capacity is commonly referred to as the “teabag method” [37].
Empty tea bags (paper filters, size M: 23X 110x 146 mm) of defined weight were
filled with defined quantities of aerogel material (~50 mg) and soaked in beakers
each containing 1 L of the swelling solutions at either 25 °C or 50 °C. The swol-
len tea bags were removed from the beakers after 24 h, a previously established
time frame sufficient for achieving maximum swelling of powdered aerogels in
human body fluid-like liquids [38]. Excess moisture on the tea bag surface was then
absorbed using filter paper and the weight of the tea bags was determined immedi-
ately. Empty teabags (N=3) went through the same steps to serve as controls. Based
on the determined weights, the free swelling capacity (FSC) was calculated accord-
ing to the following equation:

mg — (mempty wet teabag + m())

FSC [gliquid/gaerogel] = m, (1)
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with m, £ initial weight of dry aerogel; m, £ weight of the swollen aerogel-teabag
sample; Mgy wet bag £ weight of the swollen empty teabag.

The centrifuge retention capacity refers to the ability of aerogels to retain flu-
ids after being saturated and centrifuged under controlled conditions [39]. Briefly,
aerogels were incubated at a final concentration of 10 mg/mL in reaction tubes for
24 h at either 25 or 50 °C (Thermomixer 5436, Eppendorf SE, Hamburg, Germany),
then dehydrated for 5 min by 300 g (Heraeus Fresco 17, Heraeus Holding GmbH,
Hanau, Germany) and reweighed. Centrifuge Retention Capacity (CRC) was calcu-
lated according to the following equation:

mg — (mempty tbe T m())

CRC [gliquid/gaerogel] = m, (2)

with m, £ initial weight of dry aerogel; m, £=weight of the swollen tube-aerogel

sample; Mgy e £ weight of the empty tube before adding the aerogel.

Cell culture studies

Mouse NIH-3T3 fibroblasts [40], HaCat immortalized human keratinocytes [41] and
the human spontaneously immortalized monocyte-like THP-1 cells [42] are avail-
able from the American Type Culture Collection (ATCC; Manassas, Virginia). Cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FCS
(heat inactivated for 30 min at 56 °C), 2 mM L-glutamine, 100 pg/ml potassium pen-
icillin, and 100 pg/ml streptomycin. Cells were maintained in 75 cm? culture flasks,
subcultured three times a week (seeding 30,000 cells/cm?) and incubated at 37 °C in
a 5% CO, humidified atmosphere. Adherent cells were detached when confluence
reached about 80% using 0.25% trypsin/EDTA at 37 °C. The cells were collected in
DMEM and cell number and viability were determined using a CASY® Model TT
cell counter (OMNI Life Science GmbH & Co. KG, Bremen, Germany). The viabil-
ity of the cells after contact with the aerogels was evaluated using the MTT and
CCK-8 cytotoxicity assays [43], both based on the metabolic conversion of tetrazo-
lium dyes into formazans, which are used as indicators of cell viability [44]. Cells
were seeded in 24-well plates at a density of 30.000 cells/ml DMEM ;uout phenolred
and maintained in culture for 24 h (~1 doubling period) to form semi-confluent
monolayers. THP-1 monocytes were pretreated with phorbol 12-myristate 13-ace-
tate (5 ng PMA/ml) for differentiation into macrophage-like cells [45]. Following a
72 h incubation period in the presence of the aerogel dispersions (1-2.5 mg,¢;qee/ml
DMEM ihout phenolrea) OF medium as a control, cell viability was analyzed incubating
either with the water soluble tetrazolium salt CCK-8 (diluted 1:20) (WST-8 assay) or
0.5 mg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT).
In case of the MTT-assay cells were lysed by adding 500 ul of a 1:1 mixture of pure
ethanol and DMSO. The absorption was determined on a well plate reader (M200,
Tecan, Swiss) at 450 nm (WST) or 570 nm (MTT). Incubations with aerogel-
untreated cells were included to define the maximum metabolic activity (100% con-
trol). The positive control of cytotoxicity was achieved by treatment with 0.1% v/v
Triton-X-100 solution diluted in DMEM causing around 92% (MTT

without phenolred®
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assay) or 86.5% (CCK-8 assay) cytotoxicity. Calcium-crosslinked alginate aerogels
were also studied in cytotoxicity tests on NIH-3T3 fibroblasts and macrophage-like
THP-1 cells (see Supplementary Material for details).

Statistical analyses

Statistical significance of experimental results was calculated by GraphPad prism
software version 8.02 (GraphPad Software Inc., CA, USA) using the tests indicated
in the respective figure legends.

Results and discussion
Fabrication process of agar aerogel powder particles

Agar alcogels obtained from 0.5 to 3.0 wt.% solutions were all successfully down-
milled into particles. In the case of lower agar concentrations of 0.5 and 1 wt.%, the
particles agglomerated, forming compacts during the drying so that loose powder
could not be obtained (data not shown). At lower polymer concentration during agar
gelation, pore size becomes larger and polymer chains more loosely packed [46]. As
the mechanical properties of biopolymer aerogels scales with their density [47, 48],
samples obtained at lower agar concentrations are softer, resulting in their deforma-
tion during drying. In contrast, alcogels from 2 to 3 wt.% solutions were success-
fully dried; agar aerogel particles were obtained and used in further analyses. The
light microscopy images of particles (Fig. 1A, B) show that they have low sphericity
and roundness with up to several hundred micrometers in size. In both correspond-
ing powders (Fig. 1C, D), and more so in 2 wt.% powder, some agglomeration of
agar aerogel particles is present due to the entanglement of soft particles and elec-
trostatic attractions.

Characterization of the agar aerogel powder particles

The measured BET specific surface area of agar aerogel powders, as shown in
Table 1, is fairly high, but systematically lower than for monolithic aerogels pre-
pared from the same starting material and by the same supercritical drying route
[32].

There is a possibility that the shear forces that occur during wet milling might
have an effect on the network of soft agar gel, although the literature on wet milling
of alginate gels reports an increase of the mesopore volume and narrowing of pore
size distributions [26]. The BJH pore size distribution (Fig. 2A) shows that a small
volume of mesopores is present in the sample (1.0-1.2 cm® g=!), which is in accord-
ance with previous observations on agar aerogels [32, 49]. This is further confirmed
in the SEM images of 2 and 3 wt.% agar aerogel particles (Fig. 2B) that reveal their
fibrillar open porous structure.
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Fig. 1 Light microscopic images of the agar aerogel particles made from 2 (A) and 3 wt.% solutions (B).
Photographs of the corresponding agar aerogel powders from 2 wt.% (C) and 3 wt.% (D) solutions

Table 1 Textural data for agar 2 -1
% S \"
aerogel particles derived from 2 Wagar (%) per (M7g7) ( C"&:%"gpi’rle) mesopore (1)
and 3 wt.% solutions
264 1.0 8.5
212 1.2 8.3

The FTIR spectra of pristine agar and agar aerogel powders are presented in
Fig. 3, and all identified absorption bands are summarized in Table 2 [50-52]. All
the functional groups present in the starting material could also be identified in the
aerogel powders indicating that the chemical structure has not changed due to aero-
gel processing.

Thermogravimetric analysis (TGA) was performed to measure low-temperature
water loses and high-temperature stability (Fig. 4). Being highly porous materials,
aerogels may contain a substantial amount of residual solvent [53]. From our expe-
rience, biopolymer-based aerogels, which are properly dried with sc-CO,, demon-
strate up to 10-20 wt.% weight loss when degassed for the nitrogen porosimetry.
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Fig.2 A BJH pore size distribution and B SEM image of agar aerogel derived from 2 and 3 wt.% solu-
tions

1.5

= = Agaryistine
— 2% wt. Aerogel
== 3% wt. Aerogel

-
o
1

rel. Intensity
o
[3,]
1

o
=)
1

0.5 T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3 Fourier transform infrared spectroscopy (FTIR) spectra of agar and agar-based aerogels with 2
and 3 wt.%. Shown are relative signal intensities normalized to the highest intensity values

Table 2 List of FTIR signal assignments of agar and agar-based aerogels

Wavenumbers (cm™") Groups/Bonds

3400 Hydroxyl group (-OH)

2900 Methoxy group (O-CHy)

1640 Acetone group (C=0), Amide I

1370 Sulfate group (O=S=0)

1150 Ether-sulfate links

1045-1065 C-0 and C-C stretching, C-O-H bending

930 C-0O-C bond vibration of 3,6-anhydro-L-galactose
890 Vibration mode of B-D-galactopyranosyl residues
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Fig.4 A Weight lost of 2 wt.% agar aerogel and pristine agar powder and B the first derivative of the
TGA profile with respect to temperature

Literature values for metal-crosslinked alginate aerogels have been determined in a
similar range (8-23%), see refs. [54, 55]. The agar aerogels reported here lose ~ 12
wt.% upon heat to 150 °C, comparable to the pristine agar powder (ca. 14 wt.%),
data not shown. These values are very similar to the recent results on alginate [56]
and chitosan aerogels [57]. Above 150 °C, the thermal degradation profiles are very
similar for aerogel and starting agar powder, when judged by TGA profiles (Fig. 4a).
The first derivative of the TGA profile suggests a complex degradation mechanism
of agar aerogels with multiple thermal events when compared to the pristine powder
(Fig. 4b). Such a complex behavior is known for other biopolymer-based aerogels
[57], but comparisons between the starting polymer and the corresponding aerogels
are rarely performed. Available TGA data points to a rather polymer-specific behav-
ior with only minor differences in TGA profiles for agarose aerogels and starting
powder [31], and more pronounced differences for cellulose [58]. The latter can be
associated with loss of crystallinity when cellulose is processed into an aerogel [58].

Same as previous studies [36, 38], swelling of the bio-aerogels was performed in
phosphate buffer and high salinity solutions, simulated plasma body fluids and water
as wound fluid-like swelling agents (Fig. 5). Because agar is sparingly soluble in
cold water, the effect of temperature on the fluid uptake was studied at room temper-
ature (25 °C) and elevated temperature (50 °C). In wound treatments, local hyper-
thermia (41-43 °C) can promote cell proliferation, angiogenesis, healing, and bone
growth. The use of hyperthermia (above 50 °C) to treat infected wounds can stop the
proliferation of bacteria [59]. Several studies have been conducted in recent years in
which photothermal hydro- and aerogels have been investigated [60—62]. Further-
more, the effect of temperature on swelling has never been studied for aerogels, to
the best of our knowledge, and has only rarely been reported for biopolymer-based
hydrogels [63]. As shown in the following, the temperature highly affects aerogel
hydration for some fluids and the obtained data may be of interest for a broad appli-
cation of aerogels in the life science domain.

Based on the quantitative assessment of fluid uptake, it was concluded that the
free swelling capacity for both 2 and 3 wt.% agar aerogels and for all tested media
and temperatures is lower than the centrifuge retention capacity (Fig. 6A-D).
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Fig.5 Photographs of Agar-based aerogel particles before and after swelling for 24 h at 25 °C

Free fluid uptake of aerogels is apparently a multi-step process wherein mass
transfer through the porous network, relaxation of the primary fibers and indi-
vidual polymer chains take place at different time scales [64]. The fluid uptake
process has also a spatial dimension: it seems that a thin hydrogel layer is quickly
formed on the aerogel surface upon contacting liquid medium. The liquid then has
to propagate through a progressively growing layer of hydrogel [64]. The hydro-
gel further swells in the course of the fluid uptake, compressing adjacent pores
of still medium-free aerogel and thus slowing down the liquid penetration. On
the contrary, when the centrifuge retention capacity is measured, the mass trans-
fer can be enhanced by centrifugal forces [65]. These phenomena (all deserve a
dedicated study) may be a plausible explanation for the fact that the free swelling
capacity did not reach the water content of the starting hydrogel, 98/2 and 97/3
(mass water per mass of agar), or 49.0 and 32.3 g,/ &hydrogel solutions fOF 2 and 3
wt.% agar, respectively. In contrast, the values of the centrifuge retention capacity
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Fig.6 Swelling capacity of the Agar-based aerogel particles. Free swelling capacity (FSC) (A/C) and
the centrifuge retention capacity (CRC) (B/D) of aerogel particles following 24 h treatment with either
distilled water, PBS buffer without NaCl, PBS +1 M NaCl or simulated body fluid (SBF)). Data are pre-
sented as means + standard error of the mean of three independently performed replicates. Bars with the
same letters are not significantly different (Two-way ANOVA with Tukey’s post-hoc test, p<0.05)

are close to the water content in the starting hydrogels and exceed it for distilled
water. In the latter case, a more swollen state than the pristine hydrogel is appar-
ently formed.

Biocompatibility of the agar aerogel powder particles

Metabolic activity assays were carried out to explore the biocompatibility of the
aerogels. The cell viability of human HaCat keratinocytes cells after treatment
with immersed solutions of alginate- or agar-based aerogels was evaluated with
MTT-and WST-8 tests [43, 44].

As shown in Fig. 7, the aerogels proved to be biocompatible for the immortal-
ized human keratinocytes. There was some loss of metabolically activity for the
NIH-3T3 fibroblasts and the macrophage-like THP-1 cells compared to control-
treatments (see Suppl Fig. 1). Still, the intermolecular interactions between the
agar aerogel matrix and wound healing cells in the local skin environment need to
be studied in greater depth in the future, for which ex-vivo human skin [66, 67] is
probably the best preclinical model.
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Fig.7 HaCat cytotoxicity test results. HaCat fibroblasts were seeded into cell culture microtiter-plates
and treated with aerogel dispersions for 72 h. A HaCat cell series without particulate aerogels served as
a reference control. Subsequently, the metabolic activity of the cells was determined with an MTT (A) or
WST-8 (B) metabolic activity assay. Data are presented as means +standard error of the mean of three
independently performed replicates. Significant differences to control are indicated (One-way ANOVA
with a Dunnett’s post-hoc test, *p <0.05)

Conclusion

Porous biomaterials have gained a lot of attention in biomedical research and appli-
cations. In the current study, particulate agar-based aerogels were prepared and
evaluated as a novel wound dressing material. There are many advantages to the
particulate agar aerogels, including a relatively fast and inexpensive production and
structural advantages, such as mesoporosity and high specific surface area that facil-
itate wound fluid absorption and rapid transfer into an aerogel network. Biocompat-
ibility tests of the agar aerogels are promising, but further tests in 2D/3D skin cell
cultures or ex-vivo skin models are needed before preclinical testing on animals or
humans. The healing of a wound is a complex process involving biochemical factors
and mechanical forces. Enhancing the properties of porous biopolymer gels with
regard to these parameters is a challenge, but also a step in the direction of improved
functional wound dressing materials.
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