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Abstract: Aerogels have recently started to be considered as “advanced materials”; therefore, as a
general consideration, aerogels’ toxicity testing should focus on their functionality which resides
in their nanoscale open internal porosity. To assess the hazards of organic aerogels, testing at three
levels may characterize their biophysical, in vitro and in vivo toxicity, defining distinct categories
of aerogels. At the first level of testing, their abiotic characteristics are investigated, and the best
aerogel(s) is forwarded to be tested at level 2, wherein in vitro methodologies may mainly evaluate
the aerogels’ cellular behavior. Within level 2 of testing, the main characteristics of toxicity are
investigated and the selected aerogels are introduced to in vivo animal models at level 3. In the
animal model testing, target organs are investigated along with systemic parameters of toxicity.
Some study cases are presented for organic or anorganic aerogels. Within this tiered workflow,
aerogels-based materials can be tested in terms of human health hazard.

Keywords: aerogel; safety regulation; biomedical application

1. Introduction

Aerogels are uncommon materials that stand by themselves as nanosized structures
that have a high specific surface area, low density and high porosity. In recent years,
aerogels technology has been used to develop innovative tools in the food industry by the
microencapsulation of additives or in the health system to incorporate drugs [1-4]. The
raised question is whether aerogels are nanomaterials or not? Under the REACH Annexes,
aerogels are explicitly excluded [5,6] as a “nanoform”. In several countries (e.g., Belgium,
the USA or Canada), aerogels do not need to be reported to the national nanomaterials
product inventories [7]. According to the new definition of nanomaterials, which was
published in 2022, if the intended constitute material has at least 50% of nanomaterial, it
can be assessed as such. Therefore, one can assume that, although there are no nanoform
per se, aerogels can be analyzed using the nanomaterials guidelines [8]. Consequently,
the majority of the materials that can be framed as an aerogel have low toxicity, but an
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enhanced bioactivity that results from their large inner surface area, high surface reactivity
and/or an increased dissolution; all these particularities should be taken into account when
assessing aerogels [9].

The hazard assessment of aerogels has to take into account the fact that inhalable or
ingestible fragments have components that can have toxicity characteristics matching the
ones displayed by nanostructures [10]. Moreover, aerogels present a large surface area,
so their potency resides in this extended functional surface [11]. Regardless, the testing
strategy should follow the future use of the aerogel. For example, in the future oral use of
an aerogel-based product, an unintended inhalation of its dusts can be imagined; thus, the
aerogel-based compound should be tested for pulmonary deposition as a hazardous route
of exposure [12]. When using a controlled drug release, aerogels’ oral bioavailability will
depend on several factors, such as dose, solubility, permeability and metabolism [13]. Then,
if the drug release is intended in a specific site (e.g., release in the gastrointestinal tract or
as wound dressing), testing should also be conducted for drug physicochemical stability
and/or permeability in the intended site [14,15]. Furthermore, if the drug is intended for a
prolonged time of action, the development of oral formulations should also test a prolonged
action and the drug delivery should be regulated at a precise release rate [16].

When manufacturing aerogels (e.g., consumer goods of alginate, chitosan and so
on), the powder handling can induce occupational exposures. Almost 60 years ago, it
was shown that silica desiccant gels, related to aerogels, could have inhalable fragments,
inducing toxicological effects [17-19]. There are still very many unknown issues about
the hazard potential of most aerogels [20]. Nevertheless, the most studied characteristics
focus on the biomedical applications of aerogels [21,22], from implants [23,24] to drugs’
bioavailability, to biocides encompassed in aerogels [25-27].

Within this short compendium-like paper, we will describe the main phases to be
followed when evaluating a biomedical-intended aerogel.

2. Aerogels’ Particularities as Innovative Materials

This type of material is solid, with a very light weight and displaying a coherent open
porous matrix of lightly packed, bonded particles or nanoscale fibers. Their structure is
obtained from a gel that is subjected to the removal of the pore fluid without damaging
its inherent structure. Due to these particular characteristics, aerogels have a very high
specific surface area [28]. Moreover, this special group of materials has distinct properties
like high porosity, low bulk density, very good textural properties and, just as important,
tunable surface chemistry that endows them with exquisite applicability in various do-
mains [29]. Therefore, the combination of low density and super-nanoporosity with pores of
2-50 nm in diameter was explored for silica aerogels in industrial applications like thermal
insulation of building materials and even in aerospace technologies. There are already
commercialized products such as insulating pipes/boards/blankets/translucent panels in
industrial applications. As biomedical application aerogel technology is rapidly expanding
due to the fact that it can provide a material that is health-acquiescent, it can be molded
according to specific needs; it can have high yield, reproducibility and low toxicity, thus
satisfying the biomedical requirements. Therefore, choosing the best biocompatible basic
material can be subjected to specific design platforms to obtain an advanced material
suitable for a specific biomedical application [21].

The best technology to provide very light weight, high specific surface area and
coherent open porous matrix of the aerogel material is the supercritical fluid-based drying
of gels, a technology for obtaining this innovative material [30]. As the supercritical drying
process is the best technical option for aerogels, the design optimization of the technology
is a subject of intense collaborative research and efforts [31,32].

Currently, this technology is based on the gentle drying technique that allows for
the best preservation of the fragile solid network structure from which the material is
generated [15]. Moreover, this robust workflow can be developed for producing aerogel-
biomolecule-loaded materials to be used in future wound healing applications. The ob-
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tained aerogels have exquisite properties, like a narrow size distribution, high surface area,
good porosity that can harbor drug encapsulation and can further sustain a controlled
release of the drug. Additionally, this aerogel has a robust capacity to absorb wound
exudate, transforming itself into a soft elastic hydrogel, prolonging the incorporated drug
release for up to 72 h. The report shows that alginate-based aerogel capsules can both
control drug release and manage wound exudate, in acute and chronic wounds. These
alginate aerogels can be tailored as specific doses and drug-release kinetics in personalized
medicine, to meet individual patients’ needs [15].

Other techniques that remove the pore’s moisture like ambient drying or freeze-drying
can be used to obtain xerogels and cryogels. These technologies can lead to materials with
comparable properties to aerogels. Therefore, xerogels and cryogels can have similarities
with aerogels and this depends on the initial gel source, the actual solid content and the
stability of the obtained 3D structure, due to the fact that mechanical properties are doubled
by the morphology and the physicochemical properties [33]. When the applied technology
is evaporative drying, solvent exchanges and sialylation steps are needed to circumvent the
shrinkage of the fine porous structure. An outline of the main steps in obtaining xerogels,
cryogels and aerogels is presented in Figure 1.

Functional Ambient
molecules pressure
> : drying
Dispersion / Xerogel
and gelation

Freeze drying
Physical cross-linking
Chemical cross-linking
Radiation cross-linking

Scaffold Supercritical
Network

drying

Figure 1. Main procedure steps for obtaining xerogels, cryogels and aerogels. Using several methods
(physical, chemical, radiation) of cross-linking, various functional molecules can be embedded in a
network structure upon dispersion and gelation. Afterwards, the gel can be subjected to ambient
pressure drying for obtaining a xerogel, or to freeze-drying for obtaining a cryogel or to supercritical
drying for obtaining an aerogel.

For biomedical applications, biopolymers are gaining constant interest due to several
properties. Hence, they can originate from renewable resources that have a good economic
impact, being highly bio-compatible and bio-degradable [3]. In this setting, the search has
been focusing on abundant natural polymers, e.g., cellulose, starch or pectin. All these
biopolymers can be transformed into gels and moreover into aerogels that can then become
scaffolding materials harboring tissue-regenerating cells, they can be turned into artificial
cartilage, they can be tailored as blood vessels, they can heal wounds and so many other
biomedical applications. Moreover, in the environmental domain, aerogels can adsorb
noble metals in the recycling process or can purify water from pollutants adsorbing heavy
metals, oil, organic compounds and other pollutants [34,35].

From an ecological/toxicological point of view, the bio-polymer-based aerogels of-
fer important advantages because no toxic compounds are involved in their preparation.
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Hence, bio-polymer aerogels are “biologically-friendly” and can be subjected to further
testing for biomedical applications. Recently, new bio-based aerogels, like nanocellulose,
proving specific self-assembling capabilities, can be the new players in the biomedicine ap-
plications domain [36]. Nanocellulose aerogels in fact use an abundant source as cellulose,
and so it can represent the third-generation of innovative aerogel materials characterized
by high porosity and large specific surface area, but also proving good bio-compatibility
properties of the cellulose. Nanocellulose aerogels can be used in industrial applications
(e.g., thermal insulation, electromagnetic interference shielding, purification, energy stor-
age) but also in biomedical applications [37].

Apart from the nanocellulose-based aerogels, silica-based aerogels have high chemi-
cal versatility but lower mechanical properties so that their application does not comply
with domains that need strength and stiffness. However, silica aerogels’ chemistry can
be improved by carefully choosing silane precursors, by hybridization with poly-organo-
siloxanes, organic polymers or fibers. With these improvements, their mechanical prop-
erties, namely strength and flexibility, silica aerogels can enlarge their applicability [38].
Natural fibers can reinforce the dried silica aerogel composites [39]. Another recent ten-
dency is to mechanically reinforce silica-based aerogels with carbon nanotubes, which are
carbon aerogels of graphene [40]. Silica-based aerogels and aerogels based on cellulose,
polyurethane and so on can be endowed with additional useful properties, hierarchical
porosity, super-flexibility and shape memory [41].

In the biomedical domain, aerogels can be drug-delivery matrices, they can be tailored
to match various physiological administration routes like oral, pulmonary/nasal inhalation,
topical administration and so on. Within these administration routes, aerogels should
sustain drug-release kinetics, be both robust to resist the host’s defense mechanisms and
flexible enough to modulate itself in a new biological environment. Therefore, aerogels can
improve drug bioavailability and can be tailored to have a controlled drug delivery [42].
For these biomedical applications, aerogels can be designed to have pores from few microns
to few millimeters in diameter [43]. As further elaborated in the other sections of this paper,
aerogel particles, with their high porosity, can be carriers for pulmonary delivery having
20-25 um diameters and penetrating in the lung’s alveoli [44].

Biopolymer-based aerogels have an as important advantage as carriers because they
can have an improved dissolution rate of hydrophobic or poorly hydrophilic drugs. This
is important as drugs can have good specificity to a target but low dissolution rate that
overcomes their efficacy. Aerogels can be tailored to have a high drug pay load, can sustain
the stability of drugs and any other properties specific for oral, topical, pulmonary or nasal
administration routes [4,17,45]. Consequently, designing innovative aerogels increases the
therapeutic efficiency because, for example, an oral inhalation administration drug will
have an improved lung deposition, an enhanced drug permeation and an overall positive
impact on the healthcare system and economics [46].

Another expanding domain of biomedical application of aerogels is the wound healing
domain. The healing process is complex and it involves an acute inflammatory reaction
that generates the final regeneration of the injured tissue. But when the processes of healing
are dysfunctional, e.g., in diabetes, the healing process is stalled and the wound becomes
chronic. Therefore, wound dressings are essential for the physical barrier that protects the
wound milieu from environmental contaminants. Furthermore, aerogels can be designed to
incorporate bio-active molecules for an increased rate of wound-healing events. Aerogels
need to regulate the release of the bio-active compounds on site, in a controlled manner
and providing targeted therapeutic effects. Moreover, the aerogel should prevent infections
and may form a wet medium within the lesion, equilibrating the wound exudate and
accelerating the healing process. For example, besides bio-active molecules, aerogels can be
designed to incorporate sensors. In order to evaluate the protease activity within the lesion,
the cellulose-based aerogel can be designed to have an incorporated sensor that senses the
protease activity, this sensor evaluating wound pathology [47]. The healthcare market of
wound dressing is expanding, so aerogels incorporated in advanced wound dressings [48]
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can impact the healthcare system in acute and chronic wounds from diabetic foot ulcer to
pressure ulcer patients [49].

In the regenerative medicine domain, aerogel-based scaffolds can be tailored to mimic
the extracellular matrix and specific bioactive molecules can be used to enhance regenera-
tion and tissue integration [24,50]. Cellulose phosphate is a good cell scaffolding material
because it enhances the growth of mesenchymal stem cells, it improves osteogenic dif-
ferentiation, and does not display inflammatory responses [51]. An overview of aerogel
applications in the biomedical field is presented in Figure 2 and Table 1.
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Figure 2. Aerogels’ biomedical applications as tissue-engineering scaffolds, wound-dressing materi-
als, biosensing and diagnostics, drug-delivery matrices and antimicrobial materials.

Table 1. Aerogels in biomedical applications.

Structure Applications References
Dialdehyde nanocellulose and collagen composite aerogels Tissue engineering, wound dressing [51]
Polyurea nanfhir:) CSZI; 5_1;Etceadhr;,fg;};z:g;lzlhCa aerogels, Tissue engineering, wound dressing [23,52,53]
Alginate-starch aerogels Tissue engineering, wound dressing [15,54]
Alginate-lignin hybrid aerogels Wound dressing [24]
Ca-Zn-Ag alginate aerogels Wound dressing [25]
Macroporous silica aerogels Biosensors [55,56]
Cellulose nanofibrils Biosensors and diagnostics [4,55]
Silica aerogels Biosensors and diagnostics [3,4]
Polysaccharide aerogels Food-related technologies [4,56,57]
Alginate—chitosan aerogel Drug delivery [26]
Silica aerogels, surface;—functionalized aerogels, Drug delivery [3,4,58]
composite aerogels
Inorganic and organic aerogels Drug delivery [59]
Alginate-based aerogel Drug delivery [60]
Polysaccharide-based aerogels Drug delivery [3]
Alginate aerogel Biocide [27]

Overall, aerogels’ particularities are to be used in the biomedical domain, bringing
new medical solutions on one hand and reducing healthcare expenses on the other.
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3. Safety Regulation in Aerogels Testing

Aerogels based on biomaterials like silk fibroin [61], nanocellulose [62], chitosan [63]
or alginate [64] are usually synthesized from natural sources subjected to cross-linking reac-
tions [65]. These aerogels have very good biodegradability and biocompatibility and can be
used in tissue engineering, drug delivery and biosensing. There are several characteristics
of aerogels that make them biocompatible. Hence, they are characterized by high porosity
and connectivity in open nanostructures that are advantageous to several physiological
cellular processes like attachment, nutrition, oxygen availability, metabolism by-products
and elimination [21]. As drug-delivery systems, aerogels can take advantage from several
anorganic and organic structures, such as SiO, [66], TiO2 [67], chitosan [68], pectin [69],
carrageenan [70], alginate [71], starch [72] and cellulose [73].

In a published workflow for aerogels testing, the group of Keller et al. has shown
the tiered testing strategy [11]; additional teams have applied the workflow in order to
categorize and group nanomaterials [74-76].

The starting point is to establish, for the tested aerogel, the group of tests for similar
materials [77]. Therefore, Keller et al. have included standard materials with conven-
tional porous structures [11], materials that were further used by other groups to test
silica aerogels [78]. The proposed flow starts with acellular screening (level 1), contin-
ues with in vitro toxicity (level 2) and ends with in vivo toxicity in level 3. Performing
tests in all these levels, additional information is gained and the obtained results sieve
the best compound intended for a biomedical application. Figure 3 depicts the proposed
general workflow.

This testing strategy conforms to the Horizon 2020 GRACIOUS consortium focusing
on the grouping of nanomaterials and developing the risk assessment process for practical
application [79]. The specific tests conform with the tiered collection of methods developed
earlier within the nanoGRAVUR framework [80] and with the nanomaterial’s life cycle and
biological pathways developed by DF4nanoGrouping [81,82]. These mentioned projects
that were developing guidelines for the nanomaterials domain were applied to materials
in the nanometer range only, while recently Keller et al. applied them to the open-pore
internal nanostructures [11].

3.1. Level 1
3.1.1. Testing the Oxidative Stress in Abiotic Conditions

The ferric reducing ability of the serum (FRAS) assay [83] is an analysis that detects
the oxidative stress induction as part of the nanotoxicity of the materials. The FRAS assay
actually detects the impairment of antioxidants in the human serum [84-86].

As identical classes of aerogels have the same chemical composition, they can differ
due to different production processes in their porosity and grain size. Thus, porosity can
influence the aerogel’s reactivity, and hence it can determine the biologically accessible
surface area [11]. European_Chemical_Agency (ECHA) guidelines advise on grouping
similar nanoforms within the same substance [87], and within this guideline, the reactivity
tests suggest that all aerogels with the same chemical compositions (e.g., cellulose, alginate,
silicate, polyurethane) have low surface reactivity.

The available surface of nanomaterials, in this case aerogels, impacts toxicity and the
surface reactivity plays an important role in the interaction with the environment, biological
systems, strongly driving health hazards [88].

The FRAS assay is simple, reproducible, widely used in the biomedical domain to
measure the antioxidant capacity of a compound in many designs [89,90]. For example,
FRAS tested in both human saliva and plasma could depict differences in oral hygiene [89].
Comparing various methods against FRAS, a recent study showed that this assay was
the only test able to show a significant change in the total antioxidant capacity in hens
subjected to drug-induced stress [90].
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Figure 3. Workflow for the testing procedures of an aerogel intended for biomedical application.
Atlevel 1, aerogels are tested for their bio-dissociation capacity in biological fluids, their oxidative
abiotic capacity, their stretch potential if the intended use will comprise patch-type application and
thermal stability if the intended use will be in thermal conditions that change. Upon first-level
testing, the aerogels that meet the intended physical and chemical criteria will be tested at the
second level in in vitro cellular cultures. Within level 2, the in vitro toxicity will comprise the testing
of cellular viability, cytotoxicity, cellular proliferation and various other physiological important
characteristics. Upon level 2 completion, aerogels will be selected by matching the best behavior in
cellular conditions and will be subjected to in vivo testing in animal models. In level 3, various routes
of testing will be performed and complex clinical and paraclinical parameters will be studied in the
experimental animal. Histopathology of various organs and the analysis of relevant body fluids
(plasma, bronchoalveolar fluid, etc.) will select the aerogel with the best in vivo behavior.

3.1.2. Testing the Dissolution Characteristics in Biological Fluids in Acellular Conditions

Testing aerogels for their dissolution capacity in biological fluids is important because,
in their future application, aerogels will be subjected to the unbiased contact to specific
biological fluids; therefore, their characteristics should be thoroughly analyzed in these
conditions. Keller et al. tested the dissolution of aerogels in lysosomal fluid (pH 4.5)
and gastric simulant (pH 1.6) and it was reported that almost all tested aerogels had a
higher dissolution in lysosomal fluid than the gastric simulant [11]. The results show
that bio-dissolution is determined by the molecular composition; hence, all the tested
polyurethane (PU) aerogels ranked the lowest dissolution capacity, while the tested silica
or alginate-based aerogels ranked the highest [11]. Similarly, in their dissolution testing,
both the grain size that is related to the outer surface and the interior structure (total
specific surface) can influence bio-dissolution. The authors point out that, after aerogel
production, the details regarding the entire interior surface accessibility are not perfectly
known, but the bio-dissolution correlates with it. Therefore, the relative ranking of the
two tested silica aerogels as well as the two tested alginate aerogels correlate to their
bio-dissolution rankings, indicating that the interior surface is critical for dissolution [11].



Safety 2023, 9, 80

8 of 17

Earlier studies have shown that the release of a drug like ketoprofen from starch, alginate
and pectin aerogels was sensitive to an acid pH, namely pH 4 [2,91]. Aerogels made
from starch, pectin and alginate were loaded with the anti-inflammatory drug ketoprofen
and the release behavior of the drug was evaluated in the 1.2-6.8 pH range, matching
gastric and intestinal pH conditions. Drug release from starch aerogel was governed by
dissolution mechanisms. The alginate aerogel exhibited accelerated drug release stimulated
by the gastric pH. The authors point out that the release profiles of drugs from aerogels
are governed by the type of the aerogel matrix. Therefore, in the drug-release biomedical
applications, the nanostructured materials of aerogels can be good drug carriers [2].
Beforehand, when testing aerogels, the interior surface of the compounds is decisive
for their dissolution. When analyzing aerogels based on alginate, pectin, chitosan and
cellulose, although there is a degree of bio-dissolution, these characteristics will not be-
come a health hazard. Nevertheless, after dissolution, the remaining solids can lose the
internal nanostructure even if just low quantities are dissolved. From the hazard screening
perspective, if the aerogels collapse in biological fluids, they will lose their nano-specific
properties. Nevertheless, when an aerogel is carrying a compound, this carrier should
be stable in biological fluids as its stability increases the release kinetics of drugs and the
various matrix possibilities can be fine-tuned for both the drug loading and release [4].

3.1.3. Stretch-Stress Tests

Recent papers have shown the several analyses that can be used to test the stretch
capacity of aerogels, mainly when they are intended to be used in patch-like physiolog-
ical conditions. As aerogels can be generally described as elastic or fragile materials,
several types of tests have been proposed, described in detail by Woignier et al. These
diverse tests analyze parameters that influence the overall mechanical behavior of aerogels,
e.g., pore volume, pore size, internal connectivity and various chemical bounds. Out of
all the parameters, the pore size dictates the stretch-stress properties of an aerogel [92].
Thus, Woignier et al. describes several techniques for the dynamic characterization of
materials using ultrasounds, Brillouin scattering and dynamic mechanical analysis in order
to measure the elastic properties as well as the attenuation and internal friction testing. The
presented experimental results show the values of the elastic and fracture properties in
concordance with the material porosity. In the compression testing, aerogels are shown to
behave like plastic materials. The presented data of different techniques characterize the
overall mechanical behavior of aerogels, giving information on pore volume and size, inter-
nal connectivity and various internal bounds content. From all of these presented results, it
can be concluded that pore size characteristics dominate the mechanics of aerogels [92].

3.2. Level 2—In Vitro Cellular Models for Testing Aerogels

Choosing the best cellular model depends on the intended use of the aerogel with/
without a drug load. For example, if the route is foreseen as the respiratory system, either
the intended or accidental inhalation of the NR8383 alveolar macrophage assay can be
used [85,93]. The authors tested 18 inorganic nanomaterials, two nanoplatelets and two
nanosized organic pigments on the NR8383 alveolar macrophage assay. After putting the
cells in contact with this extended array of nanomaterials, several markers were evaluated:
Lactate dehydrogenase (LDH), glucuronidase (Glu) and tumor necrosis factor alpha (TNF-
o). The results have shown that the NR8383 alveolar macrophage assay can distinguish
between active and passive nanomaterials and can hence predict whether an in vivo short-
term inhalation evaluation is necessary for human health hazard assessment [93].

LDH release, Glu and H,O, are basic assays in the cellular testing level and are all
cytotoxic tailored tests that can be completed with more subtle tests like inflammation
assays, for example the induction of TNF-«. Therefore, although aerogels do not induce a
cytotoxic effect in in vitro cellular models in terms of LDH, Glu and H,O5, they can activate
TNEF-oc. All these tests have at least two important characteristics, one is the concentration
of the aerogels that is in contact with the cells and the second one is the time of action.
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Analysis should be conducted by evaluating both dose and time of action, as even low doses
can display, with a longer period of action, toxicity in in vitro models [94]. For example,
evaluating nanoparticles generated by dental composites dust in order to establish the
toxicity in NR8383 alveolar macrophages, it was shown that H,O, and TNF-« markers
were dependent on the dose of the nanoparticles but also on the time of exposure [94].

Aerogel particles can have various dimensions, but only the ones that have small
external dimensions can be ingested by phagocytes in an experimental cellular model.
For example, if macrophages are tested with large aerogel particles, this can lead to frus-
trated phagocytosis [95,96]. This type of phagocytosis appears when phagocytic cells are
exposed to large surfaces that cells are trying to engulf. Immune cells will try to increase
their area of contact, resulting in lamella-shaped cells that will partially cover the target.
This three-dimensional process may activate immune cells, generating an inflammatory
response [95]. Besides frustrated phagocytosis, aerogel particles can induce cellular sur-
face reaction, induce the release of soluble molecules and in the end induce inflammation
processes like cytokines secretion [97]. Thus, when A549 epithelial cells and rat alveolar
macrophages were tested on large surfaces, this frustrated phagocytosis appeared to be
followed by inflammatory processes. Moreover, the authors show that a predictive measure
of pathogenicity is cell proliferation, a process that depends on the dose and duration of
the exposure to the compounds [97].

As priorly stated, macrophage testing is useful for in vitro aerogels evaluation as they
can be categorized as “active” or “passive” materials [93]. If two out of four parameters,
namely LDH, GLU, TNF-« and H,O; tests, were significantly increased at a certain thresh-
old, then the particle is categorized as “active”. Interestingly, Keller et al. showed that,
for aerogels, the most hydrophobic compound that they have tested induced a decrease
in the HyO; indicator that was due to the adsorption of the H,O; indicator reagent in the
system [11]. This observation proves that choosing as particular test is as important as
properly designing the cellular in vitro test. Other studies have also mentioned for other
high-surface-area nanomaterials, such as MWCNTs that have hydrophobic chemistry, these
difficulties in choosing the right in vitro toxicity test [98-100]. For example, 23 engineered
nanomaterials intended for application in the biomedical domain were evaluated in ten
representative cell lines with three classical in vitro toxicity assays. Out of the 23 nanomate-
rials, 6 induced oxidative cell stress and 1 reduced cellular metabolic activity. None of the
tested nanomaterials affected cell viability. The results show that surface chemistry, surface
coating and chemical composition may induce cellular toxicity [100].

In vitro models using RAW 264.7 macrophages identified alginate as a good, non-toxic
transporter for anti-inflammatory drugs. Likewise, alginate-lignin and alginate-starch
aerogels were proven to be non-toxic for fibroblasts or for various other cells [48,54].
For bone regeneration, alginate—starch aerogels are important materials because they
form hydroxyapatite crystals in a simulated body fluid due to the presence of calcium in
their matrix. These aerogels do not display a cytotoxic effect, so cells colonize and grow
on their surface. These results prove that alginate—starch aerogels can be used in bone
regeneration [54]. Also in regenerative medicine, polyurea-nano-encapsulated aerogels
have high mechanical strengths. These aerogels were proven to have good biocompatibility
when platelets, plasma and vascular endothelial cells were tested in the in vitro model. The
aerogel did not induce platelet activation or hinder their aggregation; no inflammatory
markers were induced in plasma. The aerogel did not impose toxicity on the vascular
endothelial cell culture, so this aerogel has good propensity as an implantable material [101].

In the wound healing domain, the vancomycin-loaded chitosan aerogel was tested.
The chitosan aerogels had enhanced water sorption capacity and air permeability. Analyz-
ing the vancomycin release, it was shown that this aerogel had a fast drug release. The
aerogel was suitable for the fibroblasts’ regenerative growth and the antibiotic was effective
upon cutaneous Staphylococus aureus possible infection. This study brought additional
arguments in favor of aerogels to be used in wound healing [48].
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Functionalizing silica—gelatin aerogel with methotrexate, the cytotoxicity on tumor cell
lines (SCC VII and HL-60) was tested. In vitro experiments have shown that methrotrexate
is released from the aerogels inducing an anti-tumoral effect. It is interesting that, as
the aerogel is based on silica—gelatin aerogel, the antitumoral effect of the released drug
is dependent on the collagenase activity of the tumoral cell; hence, a controlled release
performed by the actual targeted cell [102].

3.3. Level 3—In Vivo Testing of Aerogel

After passing the first two levels of testing, the third level should be carefully planned
in order to avoid using unnecessary animal models [103,104]. Therefore, an aerogel with
low abiotic reactivity, no cytotoxicity in LDH, GLU and H;O, tests can go forward in
in vivo design. For example, an intratracheal instillation of a particulate aerogel revealed
in the bronchoalveolar fluid a dominant population of alveolar macrophages and lack of
polymorphonuclear granulocytes [11]. The biopsy and organ weight remained unchanged,
with the exception of mediastinal lymph nodes that increased on day 21 of instillation. In
the bronchoalveolar lavage fluid cells that are in majority alveolar macrophages, a slightly
decreased viability accompanied by the appearance of granular eosinophilic material was
detected. In in vivo animal models, when the instillation of particle aerogels is performed,
all tested enzyme activities should be found decreased at control levels at least on day 21
post-instillation. In the case of foreign material presence in the lungs or granulomatous
broncho-interstitial inflammation, various cell infiltrations should be assessed from day 3 to
at least day 21. The dose-dependent effect should be evaluated in the animal models as low
doses can have no effect on the target organ while just slightly more concentrated particles
can induce a significant effect. Therefore, on day 21, foreign material can be present in
macrophages, while alveolar histiocytosis, cell infiltration and granulomatous broncho-
interstitial inflammation can be detectable based on just a slightly increased concentration
from the lowest one.

Histopathology of the target organs is mandatory, but as other organs can be affected,
careful evaluation should also be conducted, for example, on spleen (a highly immune-
sensitive organ to overall toxicity).

Inhaled aerogel particles can have a very low toxicity in the lungs, eliciting a mild
transient inflammation. The mechanism of early TNF-« induction was reported in studies
using ]J774 murine macrophages tested with polyurethane particles [105], or crystalline
silica particles [106]. Nevertheless, as ALP (alkaline phosphatase), the marker of epithelial
lung cells, is not found to be increased, and BALF (bronchoalveolar lavage fluid) enzymes
parameters normalize, the third level of evaluation can indicate a good toleration and a
low toxicity for the lung, as the target organ chosen in this example [105].

Recent in vivo studies on aerogels focused on their future drug delivery in biomedical
applications [16]. For example, when testing in animal models aerogels carrying an anti-
tumoral drug, Taxol, it was shown that the intestinal absorption and blood levels increased
over 10-fold in comparison to the classical formulation of Taxol. The active compound
of Taxol, paclitaxel, was investigated in terms of bio-distribution in animal models of
MCF7 subcutaneous xenografts and its superiority was proven in comparison to the
classical formulation [16].

An aerogel based on silica, starch and alginate can be administered in animal models
via gavage or introduced subcutaneously/intramuscularly to test whether the aerogels
elicit local inflammation [23]. In implant experiments, a recent study tested the short and
long-term biocompatibility of polyurea crosslinked silica aerogel implants. The authors
obtained good tolerability even over twenty months. A normal thin fibrous capsule was
found around the aerogel implant and no toxicity in the tissues surrounding the implants
nor in the distant organs was found. These studies show that silica-based aerogels are good
implantable biomaterials [23].
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4. Health Risk Outlines

Aerogels are innovative nanostructured materials, with high porosity and which can
therefore be used as materials with special and diverse properties. Aerogels display a light
weight, have a high specific surface area and tunable surface chemistry. Aerogels are the
subject of emerging applications because they can be designed as next-generation aerogels
for current biomedical applications within pharmaceutics, regenerative medicine, wound
healing, plastic surgery and many more. Environmental applications, like sound and
thermal insulation, air and water cleaning, can also benefit from aerogel-based products.
There is still a fragmentation between the speed of research development in the aerogels
domain and their actual applications, so there is an increased need to accomplish the
coupling academia—industry—national agencies. For example, although aerogels are impor-
tant new candidates for tissue engineering, regenerative medicine and overall biomedical
applications, we still do not have such a product on the market.

In terms of human health risk, we can consider the scenario wherein an aerogel
analyzed in levels 2 and 3 gives moderate/slight or even reversible toxicity, but it does
not give an accurate answer to the question of whether breathable aerogel dusts pose a
health risk on humans. Occupational and epidemiological issues deserve more attention,
especially when aerogels are used as insulator materials, and properly designing levels 1-3
testing can identify these issues [106].

Up to the present time, although the toxicity of aerogels is generally assessed, the
actual health risk assessment of these new types of materials and other regulatory aspects
are still not fully addressed. When an aerogel-based compound is registered, they do not
code as a nanomaterial, but they have nanostructures in their composition; therefore, a
hazard assessment should be addressed. When producing aerogels, one cannot neglect that,
even if the intrinsic toxicity of the aerogel is low in general, inhalable or ingestible fragments
can appear during production and manipulation. For example, in the industrial insulation
production of silica and polyurethanes-based aerogel materials, a critical route of exposure
to the nanoparticles is the possible inhalation of dust followed by pulmonary deposition.
Another human activity that should be evaluated in terms of risk assessment of aerogels is
during the installation and removal of aerogel-based insulation materials in houses [106].
Within the production and manipulation activities of the aerogels” global regulation, it is
highly necessary to prevent any risks to human health. In a recently published paper on
the safety regulations for the manipulation of silica-based aerogels, the risks imposed to
human health were highlighted [107].

From this perspective, this paper aspires to prove that the aerogels domain still needs
specific regulatory guidelines and that studies that evaluate the potential on human health
risks are urgently needed [108-110].

An outline of aerogels’ broad spread in terms of biomedical applications is summarized
in Table 1. Although aerogels have good promise and high potential, there are still no
mature aerogel-based products in the market for biomedical applications so far.

5. Conclusions

Aerogels are gaining increased applicability in various domains [111-113] and their
toxicity testing should have specific pathways as they are nanoscale materials but do not
actually fulfill the REACH definition of a nanomaterial. Aerogels” nanostructures can
raise concerns and they should all be addressed; therefore, a three-tier characterization
is proposed to evaluate the biophysical, in vitro and in vivo toxicity. This evaluation
may outline particular categories of aerogels. Groups of aerogels with similar chemical
composition (e.g., chitosan, silicate, alginate, cellulose) prove similar effects in level 1
and 2 of testing, but at the third level of evaluation they may display particularities in
accordance with the in vivo selected model. The properties recommended by the ECHA
guidance for nanomaterials provide a tiered structure to assess the content and release of
nanostructures in advanced materials. For complex advanced materials, the form of release
should be assessed, and all the components, as an advanced material, can have more than



Safety 2023, 9, 80

12 of 17

References

one chemical component, as established by the NanoRelease stepwise decision framework
within ISO TR 22293 [114-116]. Other classes of advanced materials in non-biological
systems [117,118] can benefit from this testing workflow such as aerogels used in water
purification systems [119], in electronics and in many other applications [120,121].

There are future paths that should be followed within the aerogels domain. First of
all, as the latest definition of aerogels is over 25 years old, a new updated definition is
currently being released. The updated definition of aerogels will put a better framework
on the pathways that should be followed in the race to implement these materials in the
biomedical domain and in various other domains. As aerogels for the biomedical domain
can be roughly assimilated with the characteristics of extracellular matrix, the need to
improve the strategies for preparing aerogel-based biomaterials with elasticity and strength
that mimic tissue characteristics is imperious. Aerogels in the bone regeneration and
wound healing domain are rather up-front in the research and testing stages, but other
future domains could benefit from aerogels’ properties. Thus, another future domain that
should be tackled is the neuro-regeneration domain, wherein guided regeneration is sought.
Aerogels, with their variability in terms of functional matrices, could also be entering the
guided neuro-regeneration domain in the future. Last but not least, another domain to be
addressed in the future is in autoimmune diseases, wherein implantable aerogels could
deliver specific drugs that could alleviate autoimmune symptomatology.

In the aerogel domain’s technological developments, their purpose-intended design for
specific applications can only be implemented if the multi-sectorial approach is functional.
Therefore, experts from extremely varied domains, such as chemical process engineering
and physics, biological sciences, material sciences, drug delivery, regenerative medicine,
pharmaceutics or toxicology, should have their efforts conjoined to put in use and apply
this new type of material.
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