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Abstract: Aerogels are lightweight and highly porous materials that have been found to have great
potential in biomedical research because of some of their unique properties, such as their high surface
area, tunable porosity, and biocompatibility. Researchers have been exploring ways to use aerogels to
create biomimetic scaffolds inspired by natural extracellular matrices (ECMs) for various biomedical
applications. Aerogel scaffolds can serve as three-dimensional (3D) templates for cell growth and
tissue regeneration, promoting wound healing and tissue repair. Additionally, aerogel-based scaffolds
have great potential in controlled drug delivery systems, where their high surface area and porosity
enable the efficient loading and release of therapeutic agents. In this review, we discuss biopolymer-
based biomimetic aerogel scaffolds for tissue engineering, drug delivery, and biosensors. Finally, we
also discuss the potential directions in the development of aerogel-based biomimetic scaffolds.

Keywords: biopolymers; aerogels; tissue regeneration; wound healing; drug delivery

1. Introduction

Biomimetic principles provide a promising approach for creating high-performance
biomaterials. A biomimetic scaffold is a material that not only mimics but also replicates
the structure and function of the extracellular matrix (ECM) found in natural tissues [1,2].
This mimicry is crucial for living cells, as it allows for the creation of biomaterials with
biomimetic structures and components [3,4]. These biomimetic microstructural scaffolds,
by imitating the ECM, increase biocompatibility and enable specific biological functions,
resulting in seamless integration with body tissues [5-8]. Aerogels demonstrate great
potential as biomimetic materials in this category, imitating natural structures for various
applications.

Aerogel was first developed by Kistler in the early 1930s using a supercritical drying
method, and it presented remarkable characteristics [9]. Since then, aerogels have gained
much attention and are preferred over hydrogels due to their various characteristics. Most
notably, their high porosity and surface area benefit numerous cell functions, such as cell
attachment, nutrient diffusion, and drug delivery [10,11]. Furthermore, aerogels do not
lose effectiveness in dry environments, making them suitable for certain applications, such
as wound healing, where a dry interface can be advantageous [12]. Additionally, hydrogels
can swell or shrink significantly depending on hydration levels, whereas aerogels are not
as heavily affected.

Aerogels mostly consist of organic and inorganic building blocks, exhibiting a very
substantial surface area of open pores, which leads to high porosity and low density
overall [13,14]. The typical process for producing aerogels involves drying wet gels. The
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resulting aerogel solid materials from the drying process are porous and remarkably
lightweight, and they are usually made up of 3D cross-linked networks that have some
physical similarities to the natural ECM. However, not all dried gels exhibit aerogel charac-
teristics. Porous dry gels can generally be categorized into xerogels and aerogels based on
the features of their porous structure during the drying process [15].

Aerogels made of biopolymers have increased in various fields in recent years. Weath-
erwax and Caulfield prepared the first cellulose-based aerogel in 1971, but it did not
receive significant attention due to a large loss of specific surface area [16]. Later, in
2004, Jin et al. successfully prepared a cellulose aerogel with a specific surface area of
160-190 m? /g by freeze-drying from calcium thiocyanate tetrahydrate (Ca(SCN),-4H,0),
a non-derivatizing solvent [17]. Subsequently, biopolymer-based aerogels gained a lot of
attention and were developed using various natural macromolecules, such as cellulose,
collagen, gelatin, silk fibroin, chitosan, and starch [18-23]. The porous microstructure of
biopolymer-based aerogels is highly advantageous for absorbing and retaining biological
fluids, as well as facilitating fluid and molecule transport. Moreover, biopolymer-based
aerogels have the capability to interact with neighboring cells, impacting several cellular
processes, like adhesion, proliferation, migration, and differentiation. These aerogels can
provide partial mechanical support and a 3D porous structure that promotes homogeneous
cell development. Certain specialized aerogel-based biomaterials exhibit positive qualities
for biomedical research and can offer biological or chemical/physical cues to direct cell
proliferation for applications in tissue engineering and regenerative medicine [24-26]. Aero-
gel’s porous structure, low density, ultrahigh specific area, and easily accessible adsorption
sites are also promising for energy storage and wearable sensors [27].

Several review articles have been published on aerogel in the past [13,14,28-30]. How-
ever, a small number of groups focus on biopolymer aerogel [31-33]. Out of them, a few
only discussed the chemistry and properties of biopolymer aerogel [32], while others only
focused on drug delivery [31], and some reviews concentrated solely on biomedical appli-
cations without mentioning biosensors [28,33]. In this review, we discuss all the crucial
applications, such as tissue regeneration, wound healing, drug delivery, and biosensors.
Moreover, we discuss the recent progress in all important biopolymer aerogels, including
cellulose, alginate, gelatin, chitosan, starch, and silk fibroin (Scheme 1).
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Scheme 1. Biopolymer-based aerogel for biomedical applications.

2. Preparation of Biopolymer-Based Aerogel

There are various methods to produce aerogels from biopolymers. However, the most
commonly used method involves sol-gel, aging, and drying [13,33]. The sol-gel process
creates an aerogel’s 3D porous network structure, while the aging produces a homogenous
aerogel, which is defined as network formation and cross-linking. The last phase is solvent
removal, referred to as the drying stage or gel-to-aerogel transition.

2.1. Sol-Gel Process

The “sol-gel transition” is the stage where a polymeric material dissolves in a solvent
to create a gel [34]. Using the right solvent can result in the formation of a homogeneous
solution (sol). For example, chitosan can dissolve in an acidic solution [35], while cellulose
can be dissolved in an ionic liquid [36]. Sometimes catalysts or crosslinkers are required;
for instance, glutaraldehyde can be used to crosslink gelatin. The sol transforms into a gel,
creating a three-dimensional network. Various factors can influence this process, such as
pH, temperature, chemical composition, additives, and polymer content [37,38].

2.2. Aging Process

The aging process is a specific period that enhances the uniformity and strength
of the gel’s structure. Typically, controlled humidity and temperature are used during
aging [39]. Room temperature may be suitable for certain biopolymers, but slightly higher
temperatures may be necessary for others to facilitate network stabilization. Depending on
the system, this phase could last for several days or just a few hours. The final qualities of
the aerogel can be significantly affected by the duration of the aging processs [40]. Longer
aging periods may allow for better network development and stabilization, while shorter
times may result in weaker, less uniform gels.
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2.3. Drying Process

The solvents used in the sol-gel process are completely removed during the drying
process. Biopolymer aerogels, with their small pore diameters, large porosities, and delicate
skeletons, are highly sensitive to the drying process [32,41]. Different drying techniques,
such as supercritical drying [42], freeze-drying [43], and microwave drying [44], are em-
ployed in the production of biopolymer-based aerogels. However, each drying method has
its own advantages and disadvantages (Table 1).

2.3.1. Supercritical Carbon Dioxide (SC-CO;) Drying

Higher-quality aerogels are usually produced using a method called supercritical
drying. This method prevents the collapse of the gel structure due to surface tension
forces [45]. During this process, the solvent is extracted in a supercritical state, where the
pressure and temperature inside the chamber are higher than the critical point of CO,. This
involves using a supercritical fluid, typically carbon dioxide (CO5;), to remove the solvent
from the gel [46].

2.3.2. Freeze-Drying

Freeze-drying is the most common method, and it works well for biopolymers. Its ad-
vantages of low cost, high efficiency, and environmental protection have drawn widespread
attention, making it an attractive method of drying [47,48]. The step involves rapidly freez-
ing the gel by immersing it in liquid nitrogen and placing it in a deep freezer. Subsequently,
the ice is directly transformed into vapor using a freeze-dryer, bypassing the liquid phase
entirely [49].

2.3.3. Microwave Drying

In the field of drying biopolymer-based aerogels, microwave drying is a relatively
new approach that offers several advantages over traditional drying techniques [44]. This
method aims to maintain the porosity structure of the gel by using microwave radiation to
heat and evaporate the solvent inside the gel, resulting in shorter drying times and lower
energy consumption [50].

Table 1. Advantages and disadvantages of different drying methods.

Method

Advantages Disadvantages References

-Produces aerogels with high porosity and  -Requires specialized equipment and is

SC-CO; drying minimal shrinkage more costly [50,51]
-Suitable for heat-sensitive biopolymers -Can result in aerogels with lower
Freeze-drying and avoids surface tension issues mechanical strength and requires careful [52,53]
-Environmental friendly and low-cost control of freezing and drying parameters
-Microwave drying significantly reduces -Tenc}s to lead to large pore formation
. . L o -Precise control of microwave power and
Microwave drying  the drying time compared to traditional [50,54]

drying methods

drying time is essential to prevent
overheating

3. Biopolymer-Based Aerogel

Biopolymer-based aerogels are promising for various applications in biomedicine
because of their lightweight and highly porous nature. Biopolymers, like cellulose, chitosan,
alginate, gelatin, silk, and starch, are typically used in aerogel production. Cellulose is one
of the more common biopolymers for aerogel preparation due to its mechanical qualities
and biosafety [55]. Because of its high hydroxyl group content, which promotes the
development of strong hydrogen bonds, the molecular structure of cellulose has a high
affinity for water and can generate very viscous dispersions even at extremely low solid
levels [56-58]. On the other hand, alginate and chitosan are often selected specifically for
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their carboxy and amino functionalities. Aerogels based upon starches are also widely used
because of their porous nature and variety of sources [59-61]. These materials are naturally
biocompatible and non-toxic, making them ideal for medical applications without causing
any harmful immune responses. However, these polymers have their own advantages and
disadvantages as aerogels (Table 2).

Table 2. Advantages and disadvantages of different biopolymers as aerogel.

Biopolymer Advantages Disadvantages Refs
-Moisture sensitivity and mechanically fragile
n: - . . -Highly hydrophilic, leading to swelling and
Cellulose Biocompatibility and high porosity loss of mechanical properties in wet [62,63]
environments
-Biocompatibility; antimicrobial and and -Solubility and stability can be affected by pH
Chitosan hemostatic properties with high porosity changes, limiting their use in certain biological  [64-66]
-Generally nonbrittle environments.
n I . . . -Starch is highly hydrophilic, which can lead to
Starch Biocompatibility, biodegradability, high moisture absorption, swelling, and structural [67,68]

orosity, and cost-effectiveness . e . .
p RL instability in moist environments

3.1. Biopolymer-Based Aerogel in Biomedical Applications

Biopolymer-based aerogels have emerged as promising materials for various biomed-
ical applications due to their unique properties, such as their high porosity, low density,
and excellent biocompatibility. These aerogels are derived from natural polymers, making
them highly versatile and suitable for various medical uses. We have summarized some of
the biopolymer-based aerogel and their applications in Table 3.
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Table 3. Overview of different biopolymer-based aerogels and their applications.
Aerogel Type Fabrication Method Properties Applications Refs
L e . . . Porosity: 99.2% . .
Silk fibroin/ cellulose composite aerogel Alkali/urea system and freeze-drying Compressive strength: 7-10 MPa Bone tissue regeneration [69]
Porosity: 84-87%
Methylcellulose-in-bacterial nanocellulose - Pore size: 19-25 nm . . .
aerogel 3D printing and SC-CO, Surface area: 268-283 m2/g Bone tissue engineering [70]
Pore volume: 1.71-2.37 cm3/ g
Silk fibroin aerogel Self-assembly with phot.o-clross—hnkmg—a551sted Pore size: 7-23 ym Treatment of bone cancer [71]
3D printing
Honeycomb-like pores of ~100-120 um with Promoted osteoblastic
Silk fibroin aerogel Photo-crosslinking and 3D printing interconnected macropores (1000 pm) . .. [72]
2 differentiation
Surface area: 308.8 m~/g
1 . o,
. Emulsion mixture with thermal gelation Porosity: 87.7 + O% o .
Starch aerogel microsphere . Surface area: 188 m~/g Scaffolds for bone regeneration [73]
process along with solvent exchange . 3
Pore volume: 1.25 cm® /g
Porosity: 25 & 2%,
o COs-induced gelation followed by expansion Pore size of 431 + 158 pm .
Alginate-starch based aerogels of the dissolved CO, Surface area: 183-544 m2/g Bone regeneration [74]
Pore volume: 2.0-6.8 cm®/g
Poly(ethylene glycol)diacrylate /cellulose Young’s Modulus: 0.58 4 0.02 or 0.51 £ 0.03
yierty nar%o};ibril aeroyel Stereolithography and freeze drying depending on wet or dry states and Poisson’s Chondrogenic differentiation [75]
& ratio of 0.08 £ 0.02 or 0.04 + 0.002
. . Macropore sizes: 400 and 800 pm Cartilage repair in tissue
Nanocellulose/PEGDA aerogels Stereolithography and freeze-drying Micropore sizes: 20 to 100 pm engineering [76]
. Porosity: 97.35 &+ 0.36% .
Bacterial cellulose aerogels Multiple freeze/;}eliw dCr };Céiiland tert-butanol Pore sizes: 28.16 & 9.58 t0 2.56 4= 0.42 um Ultra-fast her}rllgasltiz;sls and wound [77]
y Surface area: 42.22 + 821 m?/g &
Cellulose aerogel loaded with Ice-templating, solvent exchange, and Water vapor trangmlSSIOH Ritle 11967 £193 8 . . .
turmeric-derived nanoparticles air-drying procedure (m” per day) Diabetic wound healing [78]
v p ymsp Swelling ratio: ~6000%
Starch-konjac glucomannan aerogel Dispersion of microporous starch followed by Porosity of 59.91 + 5.4%, Hemostatic dressing that facilitates [79]

freeze-drying methods

Pore size: size of 41 + 7.3 um

tissue repair of bleeding wounds
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Table 3. Cont.
Aerogel Type Fabrication Method Properties Applications Refs
. . . . Pore size: 23.108 nm
Wheat starch-based aerogels Mlxturiloof rftzf;}el EZZ;Z%Y?? cooling Surface area: 8.108 m?/g Drug delivery [80]
& ying Pore volume: 4.684 x 1072 cc/g
. Gelatinization and retrogradation followed by Pore size: 0.26 = 0.27 t0 0.13 £ 0.10um .. .
Starch-alginate aerogel drying in SC-CO, Surface area: 58.3 = 0.5 to 44.4 = 0.7 m?/g Anti-inflammatory drugs delivery [81]
MXene nanosheets, waterborne Thermal conductivity: 0.045 W m~! K1 Inteerated photodetector or
polyurethane, and functionalized cellulose Bioinspired freezing method Electrochemical property of 225 F/g and cycle . & P . [82]
o biosensor for wearable electronics
nanocrystal aerogels ability of 86.7% after 4000 cycles
Electrochemical performance: (849.2 mF cm 2
MXene,/nanocellulose composite aerogels Stirring and ultrasonication of at 0.8 mA cm~2 Pressure sensors and compressible [83]
P & CNF/CNT/MXene with freeze drying Ultralow density: 7.48 mg cm ™3 electrodes ;
Electrical conductivity: ~2400 S m~!
GO nanosheets and MXene in a cross-linked SF Mechanically switchable electronics
S e . fibrous solution via bidirectional freeze-casting, Density: 6-60 mg cm ™3 for flexible pressure
Silk fibroin-MXene composite aerogels followed by freeze-drying and gas-phase Electrical conductivity: up to 20,000 S cm™—1) sensors/electronic skins and [84]
hydrophobization pollutant separation
3D-printing of alginate-hydroxyapatite Porosity: 88.56 to 80.33%
3D-printed alginate-hydroxyapatite aerogel hydrogels combined with supercritical CO, Surface area: 183 + 9 m?/g Bone regeneration [85]
drying methodology Pore volume: 3.14 4+ 0.16 cm® /g
PLLA/Gel/HA/CS fibers homogenized in . . . . . o
PLLA/Gel/HA/CS gradient fibrous butanol with NaCl particles followed by Fiber @ameter. approx. 2.6 um Osteochondral tissue engineering in
R . Compressive strength: 1.4 MPa for the the way of no growth factor [86]
aerogel freezing in liquid nitrogen and freeze-dried for . I
4 h strongest variant. addition
Mixed the DA-grafted gelatin and chitosan Pore size: 48.972 + 18.172 um S
Chitosan/gelatin/dopamine acrogel solution followed by immersing in a Density: 25 mg/cm’ Multifunctional graft for the [87]
EDC/NHS/ethanol solution overnight and " treatment of chronic wounds
. Water absorption rate: >2000%
freeze-dried
PGLA /gelatin and PDO/ gelatin nanofiber Freeze-casting technique Diameters of macrochannels ~ 300-500 1m Treatment and fast healing of [85]
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3.2. Biopolymer-Based Aerogel for Tissue Regeneration

Biopolymer-based aerogels, thanks to their unique properties, have great potential
for tissue regeneration. They have a network of interconnected nanopores that closely
resemble the ECM found in natural tissues. This porous structure is beneficial because it
allows for nutrient diffusion, oxygen exchange, and cell migration, all of which are crucial
for tissue regeneration and integration. Furthermore, biopolymer-based aerogels can be
engineered to replicate the mechanical properties of native tissues.

A variety of novel materials can be used to create cell-suitable environments. Salecan
is an attractive option among these materials, but its complex preparation limits its use.
However, a smart aerogel scaffold was developed using salecan and cationic starch (CAS)
through ultrasonic-assisted self-assembly without requiring organic or toxic crosslinkers.
The ultrasonic waves played a crucial role in enhancing the self-assembly process through
ultrasonic cavitation. The aerogel network was created by intense electrostatic interactions
between the polysaccharides. Additionally, altering the salecan/CAS ratio enabled accu-
rate control over hydrophilicity, mechanical stiffness, and shape. These aerogels exhibited
non-cytotoxic behavior and encouraged connections between cells and the matrix, assisting
L929 and 3T3-L1 cells in adhesion and proliferation. Importantly, in vivo experiments
demonstrated excellent histocompatibility, with no signs of tissue destruction or abnormal
histology in mice treated with aerogels [89]. Aerogels were also found to be useful in
delivering signals to biological tissues, enhancing their ability to create cell-suitable envi-
ronments. To enable electrical signals to be delivered to biological tissues directly, Zamora-
Sequeira et al. prepared a nanostructured poly-(3,4-ethylenedioxythiophene) (PEDOT)
synthesized using starch/k-carrageenan aerogel templates. k-carrageenan biopolymer
served as a doping agent to improve electrical responsiveness and biocompatibility [90].
Incorporating k-carrageenan increased compressive strength by approximately 40% and
decreased electrical resistance. Experiments using SH-SY5Y human neuroblastoma cells
showed that these cells developed into an implanted neuronal phenotype on the substance.
Zein, a biocompatible porogen, was used to induce macroporosity in aerogels made of
corn starch. This allowed for creating tailor-made porosities for regenerative medicine
without requiring additional leaching steps. The multi-step approach resulted in aerogels
with integrated macropores, which offer advantages over conventional methods. Further-
more, SC-CO, treatment effectively sterilizes the aerogels without compromising their
mechanical performance. The biocompatibility of the sterile aerogels was promising, with
over 80% cell viability observed for aerogels with dual porosity. The study highlights
the potential of SC-CO, technology for sterilization and preserving the physicochemical
properties of biomaterials, like aerogels, making them suitable for regenerative medicine
applications [91].

3.2.1. Bone Tissue Regeneration

Aerogels are favorable for bone regeneration because of their highly interconnected
porous nature. Recently, aerogels based on biopolymers have been developed as bone
substitutes that offer ideal osseointegration.

For instance, a self-assembled silk fibroin/cellulose interpenetrating network com-
posite aerogel was prepared through freeze-drying of sol-gel, and in situ mineralization
showed promise for bone tissue engineering. During the 24-h mineralization process, the
scaffold’s mechanical strength increased from 12.7 MPa to 22.4 MPa. The scaffold exhibited
an ideal microstructure for bone tissue engineering, high thermal stability, biocompatibility,
and up to 99.2% porosity. Additionally, the scaffold increased the growth of human embry-
onic kidney cells this could be observed due to the mineralized layer growing more cells
than the unmineralized surface [69].

Combining biopolymer-based aerogels with the inorganic skeleton components can
create bone repair materials. Iglesias-Mejuto et al. prepared a unique uncontaminated
cellulose-in-cellulose aerogel incorporating superparamagnetic iron oxide nanoparticles
(SPIONSs) through an integrated platform of 3D printing and SC-CO, technologies [70].
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Methylcellulose (MC) and bacterial nanocellulose (BC) were utilized to create aerogels with
high structural resolution and hierarchical porosity. These SPION-doped aerogels showed
magnetic properties, which had no detrimental effects on NIH/3T3 cell viability, hemolytic
activity, or the mortality of A. salina. Additionally, scCO,-based sterilization and long-term
storage did not affect the aerogels” physicochemical performance, confirming their potential
for use in bone tissue engineering. These results demonstrated that aerogels based on
cellulose are suitable for bone tissue engineering, particularly with the potential for unique
magnetic properties offered by SPIONSs. In another example of aerogel-based biomimetics,
Cheng et al. presented a bioinspired approach to mineralize aligned BC using CaCl,
and KoHPOj solutions, mimicking the natural bone structures [92]. The aligned cellulose
nanofibers provide a template for the uniform inclusion of hydroxyapatite (HAP) with a
high mineral content. The resulting aligned and mineralized bacterial cellulose (AMBC)
composite has a hardness of 0.37 &= 0.18 GPa and an elastic modulus of 10.91 £ 3.26 GPa,
demonstrating remarkable mechanical strength. In comparison to mineralized bacterial
cellulose that is not aligned (NMBC), AMBC has an elastic modulus of 210% higher and a
hardness value of 95% higher. This biomimetic mineralization approach offers a promising
strategy for developing bone substitutes with excellent mechanical properties (Figure 1A).

The inorganic component in biomaterial-based aerogel has also been shown to be
an excellent implantable substance for bone tissue engineering, which can aid in tissue
regeneration and subsequent cancer treatment. A study by Al-Jawuschi introduced a new
method of creating a 3D aerogel-based composite scaffold with a dual-network structure.
The silk fibroin methacrylate (SF-MA) scaffold showed photothermal conversion properties
due to the NIR absorption of integrated Bi;S; nanobelts. The scaffold heat was generated
upon laser irradiation, which triggers controlled drug release and effectively ablates cancer
cells that adhere to the scaffold. The scaffolds also exhibit excellent biodegradability, mak-
ing them suitable for tissue regeneration after removing cancer cells. These multifunctional
3D-printed composite aerogel scaffolds hold promise for regenerative tissue in bone tissue
engineering and subsequent cancer therapy [71]. Furthermore, SF-MA with methacrylate
hollow mesoporous silica microcapsules (HMSC-MA), showed enhanced mechanical stabil-
ity, cellular ingrowth and proliferation, and osteoblastic differentiation when printed as a
composite gel. These scaffolds have high osteo differentiation markers, such as ALP, OPN,
and mineralization signals. The resulting scaffolds demonstrated improved mechanical
stability due to photo-crosslinking during printing and further interconnectivity from
freeze-casting, facilitating cell infiltration and growth. The incorporation of HMSC also
promoted antibacterial drug delivery [72].

Another recent study developed 3D scaffolds made of biocompatible silica-silk fibroin
for the purpose of bone tissue engineering. A mixture of surface modification, micro-
extrusion-based 3D printing, sol-gel and self-assembly procedures, and directional freeze-
casting/drying techniques were used to create the scaffolds. These were modified via
thiol-ended antimicrobial and cell adhesive peptide sequence (SH-CM-RGD) conjugation,
which improved the bactericidal qualities and responsiveness of the cells. This hybrid
scaffold had hierarchically organized porosities, potent bactericidal efficiency against
bacteria, and enhanced osteoblast cell growth and proliferation. The scaffolds showed
promise for bone defect repair, offering anti-infective and osteoconductive properties for
enhanced bone tissue engineering applications [93].

Silk-based aerogels have multiple applications as scaffoldings, including in a nanofi-
brous scaffold made up of silk protein nanofibers (SNFs) and hyaluronic acid (HA) for
tissue regeneration. HA enhanced SNFs” hydrophilicity and bioactivity by acting as a
bioglue, resulting in aerogel scaffolds utilizing SNFs that showed high porosity, natu-
ral bioactivity, and stable structures. These scaffolds mimic the extracellular matrix’s
composition and hierarchical structure, providing an ideal osteoblast cell adhesion and
proliferation microenvironment. With HA assistance, the SNF scaffolds kept their shape for
more than three weeks in protease/hyaluronidase solutions, demonstrating their structural
stability. This biomimetic scaffold improved osteoblast cell function and growth through



Biomimetics 2024, 9, 397

10 of 26

enhanced mechanical properties and biological functionality (Figure 1B) [94]. Similarly,
SNFs biomimetic aerogel using polysaccharide-based assembly methods for bone tissue
engineering applications. Natural polysaccharides, such as CS, HA, and SA, regulate
SNF assembly and provide stability and tunable mechanical properties to the scaffolds.
Regulating polysaccharide content achieved ultrahigh porosity, allowing for better cell
viability. SNF with chitosan aerogels showed excellent biocompatibility and functionality
for osteoblast cells. The SNF aerogel scaffold that was built by CS and submerged in SBF
solution had the most mineralization, as well as strong bone marrow stem cell (BMSC) cell
adherence and total cell survival [95].

(A) 3 BC composite ¢ . N . Bone
\
Mineralization Stretching Bio-inspired
G foa———— G

Freeze drying

/

Bio-inspired

N

e
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Figure 1. Examples of cellulose and silk fibroin-based aerogel used for bone regeneration. (A) A
schematic representation of the mineralization process. (a) Natural bone; (b) BC hydrogel; (c) BC
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aerogel; (d) mineralized BC composite; (e) microstructure of the AMBC composite. Formation of
the HAP mineral particles along the surface of aligned organic BC nanofibers [92]. (B) Viability
of cells on the HA-assembled SNF aerogel scaffolds. (a) Photographs of the wet aerogel scaffolds;
(b) the HA-assembled SNF aerogel was used as a 3D scaffold for the cell culture; (c) an assessment
of the osteoblasts’ cell viability; (d) confocal images of the osteoblasts for 1 and 7 days. Scale
bars: 100 um [94]. BC, bacterial cellulose; AMBC, aligned and mineralized bacterial cellulose; HA,
hyaluronic acid; SNF, silk nanofibers.

Starch-based aerogels also have a place in tissue scaffolding similar to silk or cellulose.
In a study, Goimil et al. developed PCL scaffolds for bone regeneration using starch aerogel
microspheres and ketoprofen, a bioactive compound [73]. The starch aerogel microspheres
the size of a micron improved the scaffold’s porosity and pore interconnectivity and en-
couraged bone tissue formation. The scaffolds exhibited sustained ketoprofen release,
making them suitable for scaffolds loaded with drugs whilst having precise pore structures
for cell ingrowth and controlled drug release. The less toxic conditions used to process
the scaffolding also open possibilities for incorporating other compounds to promote cell
growth for better healing processes. Whilst aerogels exhibit high mesoporosity, they lack
macroporosity. A study by Martins et al. used a carbon dioxide-induced gelation method
to create dual meso- and macroporosity hybrid alginate-starch aerogels that are crosslinked
with calcium [74]. By adjusting the expansion rate during gelation, the macroporosity
of the aerogels was significantly increased from 2 to 25% while retaining mesoporosity.
The starch-augmented aerogels also had sufficient water uptake and an increased Young’s
modulus. In vitro tests showed that the aerogels exhibited bioactivity, generating hydrox-
yapatite crystals when subjected to artificial bodily fluid; this phenomenon was ascribed
to the calcium content of the matrix. These findings highlight the promising character-
istics of alginate—starch aerogels for use in regenerative medicine, particularly in bone
tissue engineering.

Some other biopolymers, such as alginate, gelatin, and chitosan-based aerogels, have
been extensively used in bone regeneration [85,86,96]. In a study by Iglesias-Mejuto et al.,
3D-printed alginate aerogel demonstrated bone regeneration [85]. The unique combina-
tion of 3D printing and aerogel technology enhanced the architecture and performance
of the scaffold. The scaffold was created by printing alginate-hydroxyapatite (HA) hy-
drogels in three dimensions and then drying them in supercritical CO;. The resulting
scaffolds exhibited high porosity, biocompatibility, and fidelity to the initial CAD design.
The porosity decreased with the HA content while promoting cell survival, adhesion, and
migration, especially for mesenchymal stem cells (MSCs) and fibroblasts. The enhanced
fibroblast migration to injured sites accelerated bone regeneration. Recent research found
that nanofiber aerogels have the potential to be used in tissue regeneration due to their
biomimetic properties and highly porous structure. Xhao et al. recently created ZnO-5iO,
nanofibers that showed promising results for bone regeneration when combined with
chitosan (CS) and aspirin (ASA) [96]. The 1%ZnO-5i0, /CS@ASA scaffolds showed excel-
lent biocompatibility, bioactivity, anti-inflammatory properties, and mechanical strength.
It also significantly enhanced vascularization and osteoblast differentiation in vitro. In
a mouse cranial defect model, these scaffolds led to a much higher rate of osteogenesis
(22.76 + 1.83%) compared to the control group (5.59 + 2.08%). The positive effects are
attributed to releasing Si**, Zn?*, and ASA from the scaffolds, suggesting an effective
strategy for treating bone defects (Figure 2). A scaffold with electroactive properties was
developed by combining a nanofiber aerogel scaffold with polyhydroxybutyrate (PHB) and
zinc oxide (PHB@ZnO) nanofibers. This scaffold showed strong potential for promoting
tissue repair and regeneration by creating an electrical microenvironment that supports
bone healing. When activated by ultrasound stimulation, the PHB@ZnO nanofibers with
CS further enhanced adhesion, migration, osteogenic differentiation, and bone formation.
It upregulated the signaling pathway of the calmodulin —calcineurin—nuclear factor of T
cells. After being implanted into a rat shin bone defect model for 8 weeks, the scaffold
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achieved a high bone volume/tissue volume fraction of 66%, demonstrating its potential to
significantly accelerate bone repair [97]. Furthermore, fibrous aerogel is designed with a
gradient composition that mimics cartilage-to-bone transition. In a study by Zhang et al., a
novel 3D fibrous gradient aerogel (A-G) was designed to mimic the transition from cartilage
to bone [86]. The aerogel features three layers: the top layer contains glycosaminoglycan
achieved by poly(; -lactide) (PLA)/gelatin (Gel)/hyaluronic acid /chondroitin sulfate com-
posite fibers, while the middle and bottom layers contain apatite achieved by PLA/gel
fibers. When implanted in rabbit knees for 12 weeks, the cell affinity peptide (E7-peptide)
grafted aerogel (A-E7G) significantly outperformed the osteochondral interface, showing
a mature structure and clear tidemark. This success is attributed to the incorporation of
glycosaminoglycans (HA and CS) and mineral components into the scaffold fibers, as well
as the grafting of E7-peptide for enhanced cell affinity.
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Figure 2. (A) macrophotographs and SEM images of different aerogel scaffolds, (B) microcomputed
tomography (Micro-CT) photographs of a rat model of cranial defects in vivo up to 12 weeks, and
(C) immunofluorescent staining including OPN (red), OCN (green), and nuclei with DAPI (blue)
complex staining [96].

3.2.2. Cartilage Tissue Regeneration

Similar to bone regeneration, an optimal scaffold must have a few key features for
cartilage regeneration via tissue engineering to be successful. Among these qualities are
a biomimetic three-dimensional (3D) architecture that promotes cell adhesion, the right
amount of porosity to encourage cell ingrowth, enough mechanical strength to keep the
structure in place, strong biocompatibility, and biodegradability. Aerogel is a scaffold used
for cartilage repair applications [75,76,86]. However, few papers discuss using aerogel-
based materials for cartilage tissue regeneration compared to bone replacement.

Scaffolds for tissue engineering utilizing an accurate Poisson’s ratio (PR) are crucial
in replicating native tissue environments to enhance cell survival and function. Therefore,
it is essential to easily adjust the geometrical parameters to import calculated ratios for
tissue engineering purposes. Sun et al. fabricated a composite poly(ethylene glycol) diacry-
late/cellulose nanofibril aerogel scaffold using COMSOL simulation to regulate the PR [75].
Stereolithography and freeze-drying techniques created nine scaffold groups with PRs
ranging from —0.5 to 0.85. The scaffolds with zero PR showed the highest collagen Il marker
gene expression, making them the most conducive for bone marrow mesenchymal stem cell
(BMSC) differentiation into chondrocytes. The study provides insights into scaffold design
for cartilage repair and other tissue engineering scaffolds. Using stereolithography (SLA)
and freeze-drying, cellulose nanofibers (CNFs) and polyethylene glycol diacrylate (PEGDA)
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were combined to form CNF/PEGDA aerogels with multiscale pore architectures. The
aerogels showed a random distribution of micropores and a uniform macropore network
topology. SLA enables customization of macropore structure, resulting in aerogels with
positive, negative, or zero PR, offering a wide variety of mechanical options. Further tests
of mechanical strength and chondrogenic induction demonstrated the potential of the neg-
ative PR scaffold to promote mouse BMSC proliferation and chondrogenic differentiation,
suggesting a promising avenue for cartilage repair in tissue engineering [76].

3.3. Biopolymer-Based Aerogel for Wound Healing and Hemostat Application

The process of wound healing is highly intricate, involving various cellular, biochemi-
cal, and physiological activities that can be affected by internal and external factors, such
as wound moisture, oxygenation, infection, and maceration. Recent studies suggest that
aerogels hold great promise for wound healing applications due to their high fluid re-
tention capacity, excellent mechanical properties, and ability to minimize arterial blood
loss [98,99]. Biopolymer-based aerogels, in particular, have garnered significant atten-
tion in biomedical applications in part because of their abundance, biocompatibility, and
biodegradability [77,100,101]. Moreover, they have demonstrated exceptional hemostatic
properties, promoting platelet activation and preventing blood loss, as reported in some
recent studies [102,103].

Researchers utilized oxidized bacterial cellulose (OBC) and platelet extracellular vesi-
cles (pVEs) to develop an ultralight hemostatic aerogel that acts as a physical barrier. The
aerogel quickens the production of clots, concentrates both platelets and clotting factors,
and absorbs blood. In vivo experiments showed that it reduces blood loss and bleeding
times and promotes wound healing in rat liver and mousetail. It also showed wound
healing in full-thickness skin defects. This work offers a rapid and effective treatment
for challenging wounds and highlights the potential for aerogel-based techniques in this
field [77]. Other examples of wound dressings utilizing cellulose-based aerogels include a
turmeric method. A new method for managing diabetic wounds involves using turmeric-
derived nanoparticles (TDNPs) loaded into aerogel dressings (TAG) that target the wound
microenvironment. In vitro experiments showed that TDNPs can effectively minimize
inflammation, eliminate reactive oxygen species (ROS), and promote healing in fibroblasts
and macrophages. The developed TAG has excellent biocompatibility, controlled TDNP re-
lease, and water absorption capacity (Figure 3). In vivo, evaluation using a diabetic mouse
model confirmed TAG'’s effectiveness in facilitating diabetic wound healing. This approach
holds promise for enhancing diabetic wound treatment by overcoming the limitations of
conventional therapies and biologically based treatments [78]. Starch-based aerogels are
also great for hemostasis and wound management. Li et al. introduced a new dressing
called a hierarchical porous structure (HPS), designed for wound management and efficient
hemostasis [79]. The dressing comprises a non-woven substrate, konjac glucomannan
(KGM) aerogel, and bi-functional microporous starch (BMS). The first level of pores are
provided by the non-woven fabric, the second level by the KGM aerogel, and the third level
by the BMS-inlaid hydrophilic pores. All in all, this creates a triple porous structure that
quickly captures red blood cells and platelets, enhancing its hemostatic abilities. Animal
experiments have demonstrated the dressing’s ability to stop bleeding from the ear artery
and liver in short periods (97.6 & 15.2 s and 67.8 £ 5.4 s, respectively). The dressings
also promote wound healing in two weeks and contain antimicrobial qualities. The HPS
dressing is a promising solution for managing wounds and providing both hemostatic and
wound healing functionalities in a single dressing.
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Figure 3. TDNP-loaded cellulose aerogel functions as an immunomodulatory dressing for diabetic
wound healing by modifying multicellular networks; (a) isolating TDNPs and creating AG and TAG
dressings; (b) TAG promotes diabetic wound healing by increasing antioxidant capacity, reducing
inflammation, and reestablishing multicellular regulatory networks in the wound microenviron-
ment [78]. TDNPs, turmeric-derived nanoparticles; AG, aerogel; TAG, TDNPs-loaded aerogel.

Excessive hydration of a wound can lead to increased inflammation and damage
to the tissue around the wound, which can delay the healing process. Researchers have
developed a chitosan nanofiber aerogel with unidirectional water-transport ability as a
wound dressing to address this issue. This dressing consists of a hydrophilic chitosan
aerogel (CS-A) outer layer and a hydrophobic laurylated chitosan (La-CS) nanofibrous
membrane inner layer as the Janus dressing. This design allows for excellent liquid ab-
sorption (2987.8 4 123.5%), air and moisture permeability (997.8 + 23.1 g/m?/day), and
mechanical strength (5.1 & 2.6 MPa). The dressing showed good porosity, effective unidi-
rectional water transport, and elasticity, which are all essential for wound healing. Addi-
tionally, it has demonstrated strong antibacterial properties due to the biological activity
of chitosan. In animal studies, the dressing reduced the inflammatory phase, promoted
blood vessel formation, and accelerated collagen deposition, leading to faster wound
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healing (Figure 4A) [104]. Furthermore, an antibacterial dressing was prepared by Li
et al. using MXene-based polysaccharide composite aerogel [105]. The researchers used
sodium alginate oxide (OSA), carboxymethyl chitosan (CMCS), and Nb2C@Ag/PDA (NAP)
nanoparticles to create the OSA /CMCS-Nb2C@Ag/PDA (OC/NAP) composite aerogel.
The aerogel exhibited outstanding swelling properties, biocompatibility, porosity, and
sustained antimicrobial efficacy. Antimicrobial tests revealed that the OC/NAP composite
aerogel maintained nearly 100% inhibition of S. aureus and E. coli for over 25 h in vitro
and 14 days in vivo. Additionally, in vitro and in vivo hemostatic tests indicated excel-
lent hemostatic properties (Figure 4B). To improve the antibacterial properties of wound
dressings, Karan et al. used copper—cystine-based high aspect ratio structures (CuHARS)
combined with electrospun poly(e-caprolactone)/gelatin (PCL/gelatin) nanofiber aero-
gels [106]. The release of Cu?* from CuHARS at specific concentrations catalyzed the
production of nitric oxide (NO) from S-nitrosothiols (RSNO) in human blood. This pro-
cess promoted angiogenesis and endothelial cell migration, facilitating successful lumen
development and the formation of blood vessels in wounds. Additionally, the combined
effect of Cu?* and NO showed a synergistic impact in eradicating methicillin-resistant
S. aureus (MRSA). Nanofiber aerogels with precise microchannels and the LL-37-mimic
peptide W379 have enhanced diabetic wound healing. In vivo studies show that these aero-
gels significantly promote cell penetration, improving cell infiltration, neovascularization,
and re-epithelialization in diabetic wounds. The rapid re-epithelialization is attributed
to phospho-extracellular signal-regulated kinase (p38 MAPK) upregulation after W379
treatment [88]. The chitosan-gelatin-dopamine-vascular endothelial growth factor (CG-
DA-VEGEF) aerogel has also been developed to support wound healing processes. The
CG-DA-VEGEF aerogel was developed using an environmentally friendly freeze-drying
process, employing chitosan and dopamine-grafted gelatin as base materials. EDC/NHS
serve as non-toxic crosslinking agents. This porosity enables the aerogel to support the
biological processes necessary for wound healing. Animal studies demonstrate that this
aerogel significantly improves angiogenesis, re-epithelialization, and collagen deposition,
leading to a nearly 100% wound healing rate within 14 days [87].
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Figure 4. Schematic illustration of the (A) chitosan aerogel preparation and its clinical wound
care [104], and (B) sodium alginate oxide and carboxymethyl chitosan preparation and its application
for infected wounds [105].

There are many opportunities within the field of hemostat material study to control
hemorrhages. A recent study has shown a novel hemostat for noncompressible hemorrhage
control, which is made up of a citric acid (CA)-crosslinked and N-hydroxysuccinimide
(NHS) ester-activated carboxymethyl cellulose (CMC-NHS) aerogel. The CA strengthens
the CMC, while the NHS promotes adhesion to wounded tissue and increases blood coagu-
lation. CMC dissolves at the adhesion interface, allowing for easy removal. The aerogel
quickly adheres to wounds, demonstrating robust mechanical strength, rapid hemostasis,
reduced blood loss, good biocompatibility, and antibacterial properties. This innovative
approach may inspire the development of additional hemostats with strong adhesion and
easy detachment using aerogels and CMC-NHS [100]. Another citric acid-cross-linked
carboxymethyl cellulose nanofiber (CA-CMCNF) aerogel showed a potential solution for
hemorrhages. It expands quickly upon contact with water, filling wound cavities and ap-
plying pressure to stop bleeding. The aerogel’s carboxyl groups promote active coagulation
pathways, improving its hemostatic capability. Additionally, it is biocompatible and has
strong antibacterial properties. The biocompatible parts of CMCNFs and CA are used in a
straightforward lyophilization and heating process to create the aerogel. The CA cross-links
CMCNFs and protonates carboxyl groups, forming double hydrogen bonding within the
walls of the aerogel’s microchannels, which allows better water penetration. This is crucial
for the aerogel’s ease of self-expansion, aiding in its hemostatic properties (Figure 5) [101].
Neovascularization is critical in wound healing, impacting the quality of neotissue forma-
tion. A biphasic gel comprising a highly porous aerogel and a degradable fibrin hydrogel
has been developed to promote vascularization in implanted cell-containing grafts. The
aerogel, consisting of cellulose and polyethylene short microfibers, is freeze-dried and
can be shaped using 3D printing or mold-based techniques. Combined with fibrin hy-
drogel, this composite facilitates cellular ingrowth and vascularization. In contrast to the
control (commercial surgical felt/fibrin), the biphasic gel doubled vascular ingrowth with
deeper penetration after subcutaneous implantation in mice. Additionally, the biphasic
gel exhibited higher vascular endothelial markers (CD 31) and vascular smooth muscle
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markers (xXSMA) after four weeks [107]. Gelatin has excellent solubility at the 37 °C tissue
surface but lacks the ability to form a strong physical barrier for wound management
and hemostasis. Researchers developed a gelatin-based derivative (Ged) that swells upon
absorbing the tissue hydrate layer to address this limitation. This modification resulted
in Ged exhibiting excellent adhesion properties and long-term swelling at 37 °C. Active
ingredients from the Bletilla striata complex (Bscai) were added to create the Bscai/Ged
hemostatic material, which has shown a rapid hydrate layer trigger rate, strong wet tissue
adhesive qualities, outstanding hemostatic properties, reduced inflammatory responses,
accelerated wound healing, promoted collagen deposition, and enhanced angiogenesis
in vivo experiments [108].

Swollen
CA-CMCNF aerogel
= =2 :
]
Cuticle T
Epidermic cells %
Hemostasis Melanophores o
LS Corium layer aeroge
N Adipose tissue
Vein @
N
[72]
o]
Artery g
@
=

Figure 5. Hemostasis in a liver-penetrating wound model; (A) schematic of CA-CMCNF aerogel
halting bleeding in a rabbit liver-penetrating wound model; (B) Pictures of hemostatic agents halting
bleeding from lesions that penetrate the liver of rabbits [101]. CA-CMCNE, citric acid cross-linked
carboxymethyl cellulose nanofibers.

3.4. Biopolymer-Based Aerogel for Drug Delivery

Some of the aerogels’ physical properties appear to be very advantageous for drug
delivery. Depending on the stage of the production process, drug loading into the aerogel
structures might happen in the sol-gel mixture, during the solvent exchange, or during the
supercritical fluid (SCF) drying. Recently, several drug delivery aerogel compositions have
been studied and suggested for various uses.

Groult et al. investigated the release of theophylline from cellulose-pectin composite
aerogels prepared by SCCO; [109]. Varying the cellulose and pectin concentrations and
calcium content resulted in changes to the aerogel properties. The release mechanisms
varied with pectin content, and crosslinking pectin with calcium extended drug release
time. The aerogel-loaded theophylline was released in vitro into the simulated gastric
fluid (SGF) and then into the simulated intestinal fluid (SIF). The findings suggest the
potential for tailored drug release kinetics in bio-based porous materials. Procyanidins
(PC) are beneficial compounds but have poor stability. Researchers used wheat starch
aerogel (WSA) to encapsulate PC due to its higher loading capability and compatibility.
The release rate reached 10.92%, 28.93%, and 55.69% with the modifications of starch. Most
likely due to the addition of phosphate groups, which increased PC-WSA's stability in the
stomach fluid phase, PC-WSA released more PC in the SIF and comparatively less PC in
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the SGE. PC-WSA had a network structure with encapsulated PC and showed improved
stability against high temperatures and light exposure. The study suggests starch-based
aerogels have the potential to enhance the stability and application of PC, including drug
delivery [80]. Through the use of emulsion—gelation processes and supercritical fluid
extraction, Garcia-Gonzélez et al. have successfully produced microspherical aerogel
particles for drug delivery systems [110]. The researchers created highly porous aerogels by
optimizing the starch concentration and source. These starch gels were then templated into
microspheres (400-800 um), forming highly porous aerogel microspheres with a substantial
loading capacity for ketoprofen. The researchers found that the aerogel microspheres had a
significant loading capacity for ketoprofen, reaching approximately 11 wt.% by supercritical
impregnation. Following a two-step profile in aqueous solutions, it was freed from the
starch aerogel matrix and mimicked physiological circumstances. The drug released up
to 56% at the first 2 h and then showed sustained release up to 24 h. Another study
added three non-steroidal anti-inflammatory drugs (NSAIDs) (nimesulide, ketoprofen,
and diclofenac sodium) into maize starch aerogel (MSA) and calcium alginate aerogel
(CAA) using SCCO, adsorption. CAA had more drug loadings than MSA because of its
higher surface area. NSAIDs adsorbed into MSA were released faster in comparison to the
crystalline drugs, while CAA aided in a more controlled release of the drug. Nimesulide,
ketoprofen, and diclofenac sodium absorbed within the MSA were released within 13
h, 1.47 h, and 1.2 h, respectively, while in CAA, they were released within 69 h, 2.7 h,
and 7 h, respectively. This makes MSAs useful in creating drugs that use orally-based
tablets, while CAAs are better for DDS methods that require prolonged release. The
compositions of the drug loadings met pharmaceutical dosage requirements, highlighting
the potential of aerogels in pharmaceutical applications [81]. Aerogel in the form of
microspheres has been shown to be an effective carrier for drug delivery. In a study
by Sang et al., diatomite-incorporated hydroxypropyl cellulose/chitosan (DE/HPC/CS)
composite aerogel microspheres were created to deliver 5-fluorouracil (5-Fu) [111]. The
goal was to improve drug encapsulation efficiency, release control, sustainability, and pH
responsiveness. The resulting aerogel microspheres, which were approximately 0.5 mm
in diameter, achieved a maximum encapsulation efficiency of 82.6% with optimal DE
content. The release profiles of both DE-incorporated and Eudragit-coated microspheres
were evaluated under varying pH conditions and analyzed using kinetic models. The
results indicated that increasing DE content slowed the release rate of 5-Fu while extending
its release duration.

3.5. Biopolymer-Based Aerogel for Biosensors

Aerogels with their porous structure, ultrahigh specific area, low density, and readily
accessible adsorption sites, create great potential among 3D structural materials for usage
in thermal insulation, energy storage, and wearable sensor applications. Using biopolymer-
based aerogels for pressure sensors is an intriguing idea. Biopolymers, derived from natural
sources, such as cellulose or silk fibroin, offer several advantages over synthetic polymers,
including biodegradability, biocompatibility, and sustainability.

A new method has been developed to create structured three-dimensional (3D) aero-
gels with controllable topography, using functionalized cellulose nanocrystals (f~-CNC)
as structure modifiers. By utilizing f-CNCs as a structural modifier and controlling the
cryo-assembling process, structured MXene 3D aerogels with high MXene loading (85%)
were achieved. Due to porous channels with multilevel nanostructured configurations,
these aerogels exhibited high temperature-resistant mechanical superelasticity (70.4% stress
retention under 100 cycles) and electrochemical properties (225 F/g at 2 mV/s). Symmetric
MXene supercapacitors assembled from these aerogels demonstrated excellent energy
density, cycle stability (86.7% after 4000 cycles), and superior photoresponse ability. The
aerogel exhibited a highly sensitive response to bending, which may apply to wearable
electronic devices monitoring human motions (Figure 6) [82]. The TEMPO-oxidate CNF
(TOCNF)-rGO aerogels also showed great potential as pressure sensors. They are created
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using a combination of TEMPO cellulose nanofibers and reduced graphene oxide, which
results in a lightweight, conductive, elastic, and sturdy aerogel. The aerogel’s tubular
structure is reminiscent of natural wood, providing it with exceptional mechanical strength,
compressibility, and rebound properties. It functions as a reliable pressure sensor, with
high sensitivity to initial pressure (1.12 kP~!), quick response time (<100 ms), and excellent
compression cycle stability (1500 cycles). The TOCNF-rGO was assembled successfully
to capture human biological and motion signals. Elbow and knee joint joint motion was
detected accurately, and the arterial pulse was recorded. Additionally, it showed excellent
electrochemical properties in all-solid-state applications [112]. Another study involved the
integration of cellulose-based aerogels with carbon nanotubes and nanofibers, resulting in
hybrid aerogels that are ultralightweight, highly compressible, and fatigue-resistant. These
innovative aerogels boast excellent electrical conductivity, making them ideal for use as
pressure sensors and electrode materials in compressive solid-state supercapacitors. They
are made using a bidirectional freezing strategy, which results in a tracheid-like structure
with intertwined CNF and CNT “mortars” held together alongside MXene “bricks”. This
biomimetic texture enables the aerogels to exhibit high compressibility, fatigue resistance,
and low density, with a maximum of 80% compressibility and a high fatigue resistance
of 1000 cycles at 50% strain. As pressure sensors, the aerogels demonstrated remarkable
sensitivity, making them suitable for monitoring body surface information and detecting
human motion [83].
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Figure 6. Examples of a Mxene/cellulose composite aerogel used for a biosensor. (a) Preparation
process of MXene aerogels; (b) illustration and pictures of the prepared wearable MXene-based strain
sensor [82].
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Flexible and thin pressure sensors were created using cellulose aerogels of bacterial cel-
lulose (BC) and silver nanowires (AgNW). These BC-AgNWs aerogels boasted impressive
mechanical properties and high sensitivity (47.1 mA kPa~! V~1). By sandwiching the aero-
gel films between PET films, the flexible pressure sensors offered a wide detection range,
speedy response time (220 ms), a low detection limit of 400 pa, and exceptional stability
over 5000 cycles. These sensors were ideal for detecting human movements and monitoring
health conditions. In particular, the BC-AgNWs aerogel detected spinal muscle atrophy
(SMA), which allowed patients to monitor their muscle atrophy effectively and receive
prompt medical treatment. This study underscores the potential of BC-based aerogels in the
realm of sensitive sensors [113]. Rod-shaped cellulose nanocrystalline (CNC) particles are
a great alternative to micrometer-sized cellulose scaffolds and particles for the construction
of functional materials in flexible electrodes and pressure sensors. Cellulose aerogels can
be used to create graphene/CNC aerogel monoliths with a vein-like texture-mimicking
natural structures. This material is ideal for wearable devices and electronic skins. The
resulting materials exhibited high compressibility (up to 95% strain) and high sensitivity at
a wide working pressure range of 0-57 kPa, thus showing good mechanical and electrical
properties. Additionally, the sensor was also able to accurately detect human biosignals as
well [114].

Silk-based aerogels are also used in pressure sensors. Abadi and colleagues suc-
cessfully created lightweight and flexible wearable electronics using advanced composite
foams. These foams were made using silk fibroin, graphene oxide (GO), and Ti3C2 MXene
nanosheets by using a bidirectional freeze-casting technique, which resulted in nacre-like
structures that are highly resilient, electrically conductive, and exceptionally lightweight.
This breakthrough innovation has many potential applications, such as pressure sensing,
oil/water separation, and mechanically switchable electronics. Furthermore, these compos-
ite foams have demonstrated remarkable sensitivity and performance as strain/pressure
sensors with a detection range of up to 50% and pressure from ~1 Pa to 2 kPa, making them
ideal for flexible sensing arrays [84]. Another research team has produced an impressive
range of biocompatible materials inspired by the catholic amino acid DOPA found in the
mussel foot plaque. These materials, which include hydrogels, gums, and aerogels, are
built on a foundation of silk fibroin, tannic acid (TA), and MXene nanosheets. They offer
a variety of properties, such as elasticity, electrical conductivity, and mechanical strength.
The materials possess remarkable stretchability, self-healing capabilities, adhesiveness,
biocompatibility, and 6.5 x 107* S cm~! electrical conductivity. The gum sensors were
attached to a number of bodily joints, including the elbow, shoulder, knee, and finger. The
joints were bent from their relaxed position to record variations in resistance. The potential
of these materials for biomedical engineering, prosthetics, and other medical applications
is promising. They can be used in various soft electronic devices, including electronic skins,
piezoresistive wearable pressure sensors, health monitoring devices, and in soft robotics
applications [115].

4. Conclusions and Perspectives

Biopolymer-based aerogels are gaining a lot of attention because of their special fea-
tures, such as high porosity, a large surface area, ultra-low density, and biocompatibility.
These aerogels’ high porosity and biocompatibility make them great scaffold materials
for tissue engineering since they can promote cell adhesion, growth, and differentiation.
Additionally, these aerogels can maintain a moist environment conducive to healing while
absorbing excess exudates. The large surface area of biopolymer aerogels provides more
active sites for the immobilization of sensing elements, increasing the sensitivity of biosen-
sors. The porous structure also facilitates rapid diffusion of analytes to the sensing sites,
improving response times. Furthermore, the mechanical properties of biopolymer aerogels
can be adjusted to develop flexible and wearable biosensors that adhere to the skin or other
tissues, providing continuous monitoring of health parameters. Despite all of this, there are
several difficulties with aerogels. For instance, (i) biopolymer-based aerogels are naturally
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brittle and can fracture under stress, which hinders the promotion of tissue regeneration.
Improving their potency without sacrificing any of their other advantageous qualities is
still a major task. (ii) It is crucial that scaffolds break down at a pace corresponding to
tissue regeneration; unfortunately, it can be difficult to create aerogels with predictable
breakdown rates that do not result in hazardous byproducts.

To generate optimal aerogels for tissue regeneration, interdisciplinary research com-
bining breakthroughs in biomedical engineering, materials science, and tissue biology is
needed. Surface modifications can improve targeted delivery to specific tissues or cells,
reducing side effects and improving treatment outcomes. Combining advances in flexible
electronics with biopolymer aerogels can create integrated wearable systems for real-time
health monitoring. Developing scalable and cost-effective manufacturing processes for
biopolymer aerogels is crucial for their widespread adoption. Additionally, enhancing
biopolymer aerogels” mechanical and chemical stability under physiological conditions
is necessary for long-term applications. It is believed that the field of biopolymer-based
aerogels is still in its infancy and that not much research has been carried out in biomedical
applications thus far, with the majority of investigations and tests conducted in labs rather
than being used in clinical trials or achieving commercialization.

Author Contributions: Y.J.; writing-original draft, R.P; conceptualization, writing—review & editing,
M.P,; conceptualization, supervision, writing—review & editing. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest

References

1.

10.

11.

12.

13.

Gornicki, T.; Lambrinow, J.; Golkar-Narenji, A.; Data, K.; Domagata, D.; Niebora, J.; Farzaneh, M.; Mozdziak, P.; Zabel, M.; Antosik,
P, et al. Biomimetic Scaffolds—A Novel Approach to Three Dimensional Cell Culture Techniques for Potential Implementation in
Tissue Engineering. Nanomaterials 2024, 14, 531. [CrossRef] [PubMed]

JoJang, E.; Patel, R.; Sankpal, N.V.; Bouchard, L.-S.; Patel, M. Alginate, hyaluronic acid, and chitosan-based 3D printing hydrogel
for cartilage tissue regeneration. Eur. Polym. ]. 2024, 202, 112651. [CrossRef]

Yi, H.; Patel, R.; Patel, K.D.; Bouchard, L.S.; Jha, A.; Perriman, A.W,; Patel, M. Conducting polymer-based scaffolds for neuronal
tissue engineering. . Mater. Chem. B 2023, 11, 11006-11023. [CrossRef] [PubMed]

Akiyama, N.; Patel, K.D.; Jang, E.J.; Shannon, M.R ; Patel, R.; Patel, M.; Perriman, A.W. Tubular nanomaterials for bone tissue
engineering. J. Mater. Chem. B 2023, 11, 6225-6248. [CrossRef] [PubMed]

Jang, E.J.; Patel, R.; Patel, M. Electrospinning Nanofibers as a Dressing to Treat Diabetic Wounds. Pharmaceutics 2023, 15, 1144.
[CrossRef] [PubMed]

Lee, S.; Patel, M; Patel, R. Electrospun nanofiber nerve guidance conduits for peripheral nerve regeneration: A review. Eur.
Polym. . 2022, 181, 111663. [CrossRef]

Zheng, Z.; Patel, M.; Patel, R. Hyaluronic acid-based materials for bone regeneration: A review. React. Funct. Polym. 2022,
171, 105151. [CrossRef]

Patel, M.; Hong, H.].; Koh, W.-G. Micropatterned fibrous scaffolds for biomedical application. J. Ind. Eng. Chem. 2019, 80, 729-738.
[CrossRef]

Kistler, S.S. Coherent expanded aerogels and jellies. Nature 1931, 127, 741. [CrossRef]

Liu, H; Xing, F; Yu, P,; Zhe, M,; Shakya, S.; Liu, M.; Xiang, Z.; Duan, X.; Ritz, U. Multifunctional aerogel: A unique and advanced
biomaterial for tissue regeneration and repair. Mater. Des. 2024, 243, 113091. [CrossRef]

Léazar, 1.; Celko, L.; Menelaou, M. Aerogel-Based Materials in Bone and Cartilage Tissue Engineering-A Review with Future
Implications. Gels 2023, 9, 746. [CrossRef] [PubMed]

Keil, C.; Hiibner, C.; Richter, C.; Lier, S.; Barthel, L.; Meyer, V.; Subrahmanyam, R.; Gurikov, P.; Smirnova, I.; Haase, H. Ca-Zn-
Ag Alginate Aerogels for Wound Healing Applications: Swelling Behavior in Simulated Human Body Fluids and Effect on
Macrophages. Polymers 2020, 12, 2741. [CrossRef] [PubMed]

Karamikamkar, S.; Yalcintas, E.P.; Haghniaz, R.; de Barros, N.R.; Mecwan, M.; Nasiri, R.; Davoodi, E.; Nasrollahi, F.; Erdem,
A.; Kang, H.; et al. Aerogel-Based Biomaterials for Biomedical Applications: From Fabrication Methods to Disease-Targeting
Applications. Adv. Sci. 2023, 10, 2204681. [CrossRef] [PubMed]


https://doi.org/10.3390/nano14060531
https://www.ncbi.nlm.nih.gov/pubmed/38535679
https://doi.org/10.1016/j.eurpolymj.2023.112651
https://doi.org/10.1039/D3TB01838E
https://www.ncbi.nlm.nih.gov/pubmed/37953707
https://doi.org/10.1039/D3TB00905J
https://www.ncbi.nlm.nih.gov/pubmed/37309580
https://doi.org/10.3390/pharmaceutics15041144
https://www.ncbi.nlm.nih.gov/pubmed/37111630
https://doi.org/10.1016/j.eurpolymj.2022.111663
https://doi.org/10.1016/j.reactfunctpolym.2021.105151
https://doi.org/10.1016/j.jiec.2019.02.029
https://doi.org/10.1038/127741a0
https://doi.org/10.1016/j.matdes.2024.113091
https://doi.org/10.3390/gels9090746
https://www.ncbi.nlm.nih.gov/pubmed/37754427
https://doi.org/10.3390/polym12112741
https://www.ncbi.nlm.nih.gov/pubmed/33218195
https://doi.org/10.1002/advs.202204681
https://www.ncbi.nlm.nih.gov/pubmed/37217831

Biomimetics 2024, 9, 397 22 of 26

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kim, Y,; Patel, R.; Kulkarni, C.V.; Patel, M. Graphene-Based Aerogels for Biomedical Application. Gels 2023, 9, 967. [CrossRef]
[PubMed]

Yamasaki, S.; Sakuma, W.; Yasui, H.; Daicho, K.; Saito, T.; Fujisawa, S.; Isogai, A.; Kanamori, K. Nanocellulose xerogels with high
porosities and large specific surface areas. Front. Chem. 2019, 7, 316. [CrossRef] [PubMed]

Weatherwax, R.; Caulfield, D. Cellulose aerogels: An improved method for preparing a highly expanded form of dry cellulose.
Tappi 1971, 54, 985-986.

Jin, H.; Nishiyama, Y.; Wada, M.; Kuga, S. Nanofibrillar cellulose aerogels. Colloids Surf. A Physicochem. Eng. Asp. 2004, 240, 63-67.
[CrossRef]

Zhang, H.; Lyu, S.; Zhou, X.; Gu, H.; Ma, C.; Wang, C.; Ding, T.; Shao, Q.; Liu, H.; Guo, Z. Super light 3D hierarchical nanocellulose
aerogel foam with superior oil adsorption. J. Colloid Interface Sci. 2019, 536, 245-251. [CrossRef] [PubMed]

Nemoto, J.; Saito, T.; Isogai, A. Simple Freeze-Drying Procedure for Producing Nanocellulose Aerogel-Containing, High-
Performance Air Filters. ACS Appl. Mater. Interfaces 2015, 7, 19809-19815. [CrossRef] [PubMed]

Dharunya, G.; Duraipandy, N.; Lakra, R.; Korapatti, P.S.; Jayavel, R.; Kiran, M.S. Curcumin cross-linked collagen aerogels with
controlled anti-proteolytic and pro-angiogenic efficacy. Biomed. Mater. 2016, 11, 045011. [CrossRef] [PubMed]

Veres, P.; Kiraly, G.; Nagy, G.; Lazar, I.; Fabian, I.; Kalmar, J. Biocompatible silica-gelatin hybrid aerogels covalently labeled with
fluorescein. J. Non-Cryst. Solids 2017, 473, 17-25. [CrossRef]

Radwan-Pragtowska, J.; Piatkowski, M.; Janus, L.; Bogdal, D.; Matysek, D.; Cablik, V. Microwave-assisted synthesis and
characterization of antioxidant chitosan-based aerogels for biomedical applications. Int. J. Polym. Anal. Charact. 2018, 23, 721-729.
[CrossRef]

Pawar, J.; Ali, M.T,; Fule, R.; Moravkar, K.; Seervi, M.; Sathaye, S.; Amin, P. Biodegradable Porous Starch Spheres as a Novel
Carrier for Enhancement of Dissolution Rate and Oral Bioavailability of Itraconazole. Curr. Drug Deliv. 2017, 14, 944-954.
[CrossRef] [PubMed]

Concha, M.; Vidal, A.; Giacaman, A.; Ojeda, J.; Pavicic, F.; Oyarzun-Ampuero, EA ; Torres, C.; Cabrera, M.; Moreno-Villoslada, L;
Orellana, S.L. Aerogels made of chitosan and chondroitin sulfate at high degree of neutralization: Biological properties toward
wound healing. J. Biomed. Mater. Res. Part B Appl. Biomater. 2018, 106, 2464-2471. [CrossRef] [PubMed]

Osorio, D.A.; Lee, B.E.; Kwiecien, ].M.; Wang, X.; Shahid, I.; Hurley, A.L.; Cranston, E.D.; Grandfield, K. Cross-linked cellulose
nanocrystal aerogels as viable bone tissue scaffolds. Acta Biomater. 2019, 87, 152-165. [CrossRef] [PubMed]

Wang, Z.; Huang, C.; Han, X,; Li, S.; Wang, Z.; Huang, J.; Liu, H.; Chen, Z. Fabrication of aerogel scaffolds with adjustable
macro/micro-pore structure through 3D printing and sacrificial template method for tissue engineering. Mater. Des. 2022,
217,110662. [CrossRef]

Almeida, C.M.R.; Merillas, B.; Pontinha, A.D.R. Trends on Aerogel-Based Biosensors for Medical Applications: An Overview. Int.
J. Mol. Sci. 2024, 25, 1309. [CrossRef] [PubMed]

Zheng, L.; Zhang, S.; Ying, Z.; Liu, J.; Zhou, Y.; Chen, F. Engineering of Aerogel-Based Biomaterials for Biomedical Applications.
Int. |. Nanomed. 2020, 15, 2363-2378. [CrossRef] [PubMed]

Berrio, M.E.; Oiate, A ; Salas, A.; Fernandez, K.; Meléndrez, M.F. Synthesis and applications of graphene oxide aerogels in bone
tissue regeneration: A review. Mater. Today Chem. 2021, 20, 100422. [CrossRef]

Zhi, D.; Li, T;; Li, J.; Ren, H.; Meng, F. A review of three-dimensional graphene-based aerogels: Synthesis, structure and application
for microwave absorption. Compos. Part B Eng. 2021, 211, 108642. [CrossRef]

Abdul Khalil, H.P.S.; Bashir Yahya, E.; Jummaat, F.; Adnan, A.S.; Olaiya, N.G.; Rizal, S.; Abdullah, C.K.; Pasquini, D.; Thomas,
S. Biopolymers based aerogels: A review on revolutionary solutions for smart therapeutics delivery. Prog. Mater. Sci. 2023,
131, 101014. [CrossRef]

Zhao, S.; Malfait, W.J.; Guerrero-Alburquerque, N.; Koebel, M.M.; Nystrom, G. Biopolymer Aerogels and Foams: Chemistry,
Properties, and Applications. Angew. Chem. Int. Ed. 2018, 57, 7580-7608. [CrossRef] [PubMed]

Okutucu, B. The medical applications of biobased aerogels: “Natural aerogels for medical usage’. Med. Devices Sens. 2021,
4,e10168. [CrossRef]

Owens, G.J.; Singh, R.K,; Foroutan, E; Alqaysi, M.; Han, C.-M.; Mahapatra, C.; Kim, H.-W.; Knowles, ].C. Sol-gel based materials
for biomedical applications. Prog. Mater. Sci. 2016, 77, 1-79. [CrossRef]

Mei, X,; Li, S.; Chen, Y.; Huang, X.; Cao, Y.; Guro, V.P; Li, Y. Silica—Chitosan Composite Aerogels for Thermal Insulation and
Adsorption. Crystals 2023, 13, 755. [CrossRef]

Lopes, ].M.; Mustapa, A.N.; Panti¢, M.; Bermejo, M.D.; Martin, A.; Novak, Z.; Knez, Z.; Cocero, M.]. Preparation of cellulose
aerogels from ionic liquid solutions for supercritical impregnation of phytol. J. Supercrit. Fluids 2017, 130, 17-22. [CrossRef]
Zhang, J.; Cao, Y.; Feng, J.; Wu, P. Graphene-oxide-sheet-induced gelation of cellulose and promoted mechanical properties of
composite aerogels. J. Phys. Chem. C 2012, 116, 8063-8068. [CrossRef]

Niu, F; Wu, N.; Yu, J.; Ma, X. Gelation, flame retardancy, and physical properties of phosphorylated microcrystalline cellulose
aerogels. Carbohydr. Polym. 2020, 242, 116422. [CrossRef] [PubMed]

Estella, J.; Echeverria, J.C.; Laguna, M.; Garrido, ] J. Effects of aging and drying conditions on the structural and textural properties
of silica gels. Microporous Mesoporous Mater. 2007, 102, 274-282. [CrossRef]

Iswar, S.; Malfait, W.].; Balog, S.; Winnefeld, F; Lattuada, M.; Koebel, M.M. Effect of aging on silica aerogel properties. Microporous
Mesoporous Mater. 2017, 241, 293-302. [CrossRef]


https://doi.org/10.3390/gels9120967
https://www.ncbi.nlm.nih.gov/pubmed/38131953
https://doi.org/10.3389/fchem.2019.00316
https://www.ncbi.nlm.nih.gov/pubmed/31134187
https://doi.org/10.1016/j.colsurfa.2004.03.007
https://doi.org/10.1016/j.jcis.2018.10.038
https://www.ncbi.nlm.nih.gov/pubmed/30368096
https://doi.org/10.1021/acsami.5b05841
https://www.ncbi.nlm.nih.gov/pubmed/26301859
https://doi.org/10.1088/1748-6041/11/4/045011
https://www.ncbi.nlm.nih.gov/pubmed/27509047
https://doi.org/10.1016/j.jnoncrysol.2017.07.016
https://doi.org/10.1080/1023666X.2018.1504471
https://doi.org/10.2174/1567201813666160920154209
https://www.ncbi.nlm.nih.gov/pubmed/27654575
https://doi.org/10.1002/jbm.b.34038
https://www.ncbi.nlm.nih.gov/pubmed/29424958
https://doi.org/10.1016/j.actbio.2019.01.049
https://www.ncbi.nlm.nih.gov/pubmed/30710708
https://doi.org/10.1016/j.matdes.2022.110662
https://doi.org/10.3390/ijms25021309
https://www.ncbi.nlm.nih.gov/pubmed/38279307
https://doi.org/10.2147/IJN.S238005
https://www.ncbi.nlm.nih.gov/pubmed/32308388
https://doi.org/10.1016/j.mtchem.2021.100422
https://doi.org/10.1016/j.compositesb.2021.108642
https://doi.org/10.1016/j.pmatsci.2022.101014
https://doi.org/10.1002/anie.201709014
https://www.ncbi.nlm.nih.gov/pubmed/29316086
https://doi.org/10.1002/mds3.10168
https://doi.org/10.1016/j.pmatsci.2015.12.001
https://doi.org/10.3390/cryst13050755
https://doi.org/10.1016/j.supflu.2017.07.018
https://doi.org/10.1021/jp2109237
https://doi.org/10.1016/j.carbpol.2020.116422
https://www.ncbi.nlm.nih.gov/pubmed/32564843
https://doi.org/10.1016/j.micromeso.2007.01.007
https://doi.org/10.1016/j.micromeso.2016.11.037

Biomimetics 2024, 9, 397 23 of 26

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Dowson, M.; Grogan, M.; Birks, T.; Harrison, D.; Craig, S. Streamlined life cycle assessment of transparent silica aerogel made by
supercritical drying. Appl. Energy 2012, 97, 396-404. [CrossRef]

Matsuyama, K.; Morotomi, K.; Inoue, S.; Nakashima, M.; Nakashima, H.; Okuyama, T.; Kato, T.; Muto, H.; Sugiyama, H.
Antibacterial and antifungal properties of Ag nanoparticle-loaded cellulose nanofiber aerogels prepared by supercritical CO2
drying. J. Supercrit. Fluids 2019, 143, 1-7. [CrossRef]

Chen, Y,; Zhou, L.; Chen, L.; Duan, G.; Mei, C.; Huang, C.; Han, J.; Jiang, S. Anisotropic nanocellulose aerogels with ordered
structures fabricated by directional freeze-drying for fast liquid transport. Cellulose 2019, 26, 6653-6667. [CrossRef]
Radwan-Praglowska, J.; Piatkowski, M.; Bogdal, D.; Matysek, D. Biodegradable, pH-responsive chitosan aerogels for biomedical
applications. RSC Adv. 2017, 7, 32960-32965. [CrossRef]

Siviello, C.; Larobina, D. Bio-based aerogels by supercritical CO2. In Biofoams: Science and Applications of Bio-Based Cellular and
Porous Materials; CRC Press: Boca Raton, FL, USA, 2015; p. 227.

Knez, Z.; Panti¢, M.; Cér, D.; Novak, Z.; Knez Hrnéi¢, M. Are supercritical fluids solvents for the future? Chem. Eng. Process.-Process
Intensif. 2019, 141, 107532. [CrossRef]

Liang, H.-W.; Wu, Z.-Y.; Chen, L.-F; Li, C.; Yu, S.-H. Bacterial cellulose derived nitrogen-doped carbon nanofiber aerogel: An
efficient metal-free oxygen reduction electrocatalyst for zinc-air battery. Nano Energy 2015, 11, 366-376. [CrossRef]

Chen, Y,; Zhang, L.; Yang, Y.; Pang, B.; Xu, W,; Duan, G.; Jiang, S.; Zhang, K. Recent Progress on Nanocellulose Aerogels:
Preparation, Modification, Composite Fabrication, Applications. Adv. Mater. 2021, 33, 2005569. [CrossRef]

Qian, L.; Zhang, H. Controlled freezing and freeze drying: A versatile route for porous and micro-/nano-structured materials. J.
Chem. Technol. Biotechnol. 2011, 86, 172-184. [CrossRef]

El-Naggar, M.E.; Othman, S.I; Allam, A.A.; Morsy, O.M. Synthesis, drying process and medical application of polysaccharide-
based aerogels. Int. ]. Biol. Macromol. 2020, 145, 1115-1128. [CrossRef] [PubMed]

Garcia-Gonziélez, C.A.; Camino-Rey, M.; Alnaief, M.; Zetzl, C.; Smirnova, I. Supercritical drying of aerogels using CO2: Effect of
extraction time on the end material textural properties. |. Supercrit. Fluids 2012, 66, 297-306. [CrossRef]

Ganesan, K.; Budtova, T.; Ratke, L.; Gurikov, P.; Baudron, V.; Preibisch, I.; Niemeyer, P.; Smirnova, I.; Milow, B. Review on the
production of polysaccharide aerogel particles. Materials 2018, 11, 2144. [CrossRef] [PubMed]

Thomas, S.; Pothan, L.A.; Mavelil-Sam, R. Biobased Aerogels: Polysaccharide and Protein-Based Materials; Royal Society of Chemistry:
London, UK, 2018; Volume 58.

Nocentini, K.; Achard, P.; Biwole, P; Stipetic, M. Hygro-thermal properties of silica aerogel blankets dried using microwave
heating for building thermal insulation. Energy Build. 2018, 158, 14-22. [CrossRef]

Abdul Khalil, H.P.S.; Davoudpour, Y.; Islam, M.N.; Mustapha, A.; Sudesh, K.; Dungani, R.; Jawaid, M. Production and modification
of nanofibrillated cellulose using various mechanical processes: A review. Carbohydr. Polym. 2014, 99, 649-665. [CrossRef]
[PubMed]

Pai, A.R.; Binumol, T.; Gopakumar, D.A.; Pasquini, D.; Seantier, B.; Kalarikkal, N.; Thomas, S. Ultra-fast heat dissipating aerogels
derived from polyaniline anchored cellulose nanofibers as sustainable microwave absorbers. Carbohydr. Polym. 2020, 246, 116663.
[CrossRef] [PubMed]

Figueiredo, P; Lintinen, K.; Hirvonen, ]J.T.; Kostiainen, M.A.; Santos, H.A. Properties and chemical modifications of lignin:
Towards lignin-based nanomaterials for biomedical applications. Prog. Mater. Sci. 2018, 93, 233-269. [CrossRef]

Keplinger, T.; Wang, X.; Burgert, I. Nanofibrillated cellulose composites and wood derived scaffolds for functional materials. J.
Mater. Chem. A 2019, 7, 2981-2992. [CrossRef]

De Marco, I; Iannone, R.; Miranda, S.; Riemma, S. An environmental study on starch aerogel for drug delivery applications:
Effect of plant scale-up. Int. ]. Life Cycle Assess. 2018, 23, 1228-1239. [CrossRef]

De Marco, I.; Riemma, S.; Iannone, R. Life cycle assessment of supercritical impregnation: Starch aerogel + x-tocopherol tablets. J.
Supercrit. Fluids 2019, 143, 305-312. [CrossRef]

Ubeyitogullari, A.; Brahma, S.; Rose, D.J.; Ciftci, O.N. In Vitro Digestibility of Nanoporous Wheat Starch Aerogels. J. Agric. Food
Chem. 2018, 66, 9490-9497. [CrossRef] [PubMed]

Abdul Khalil, H.PS.; Adnan, A.S.; Yahya, E.B.; Olaiya, N.G.; Safrida, S.; Hossain, M.S.; Balakrishnan, V.; Gopakumar, D.A;
Abdullah, C.K,; Oyekanmi, A.A_; et al. A Review on Plant Cellulose Nanofibre-Based Aerogels for Biomedical Applications.
Polymers 2020, 12, 1759. [CrossRef] [PubMed]

Zhang, W.; Zhang, Y,; Lu, C.; Deng, Y. Aerogels from crosslinked cellulose nano/micro-fibrils and their fast shape recovery
property in water. J. Mater. Chem. 2012, 22, 11642-11650. [CrossRef]

Wang, Y,; Yin, M.; Zheng, X.; Li, W.; Ren, X. Chitosan/mesoporous silica hybrid aerogel with bactericidal properties as hemostatic
material. Eur. Polym. ]. 2021, 142, 110132. [CrossRef]

Panti¢, M.; Maver, U.; RoZanc, ].; Vihar, B.; Andrej¢, D.C.; Knez, 7.; Novak, Z. Evaluation of ethanol-induced chitosan aerogels
with human osteoblast cells. Int. J. Biol. Macromol. 2023, 253, 126694. [CrossRef] [PubMed]

Takeshita, S.; Zhao, S.; Malfait, W.].; Koebel, M.M. Chemistry of Chitosan Aerogels: Three-Dimensional Pore Control for Tailored
Applications. Angew. Chem. Int. Ed. 2021, 60, 9828-9851. [CrossRef]

Vrabi¢-Brodnjak, U. Hybrid Materials of Bio-Based Aerogels for Sustainable Packaging Solutions. Gels 2024, 10, 27. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.apenergy.2011.11.047
https://doi.org/10.1016/j.supflu.2018.08.008
https://doi.org/10.1007/s10570-019-02557-z
https://doi.org/10.1039/C6RA27474A
https://doi.org/10.1016/j.cep.2019.107532
https://doi.org/10.1016/j.nanoen.2014.11.008
https://doi.org/10.1002/adma.202005569
https://doi.org/10.1002/jctb.2495
https://doi.org/10.1016/j.ijbiomac.2019.10.037
https://www.ncbi.nlm.nih.gov/pubmed/31678101
https://doi.org/10.1016/j.supflu.2012.02.026
https://doi.org/10.3390/ma11112144
https://www.ncbi.nlm.nih.gov/pubmed/30384442
https://doi.org/10.1016/j.enbuild.2017.10.024
https://doi.org/10.1016/j.carbpol.2013.08.069
https://www.ncbi.nlm.nih.gov/pubmed/24274556
https://doi.org/10.1016/j.carbpol.2020.116663
https://www.ncbi.nlm.nih.gov/pubmed/32747295
https://doi.org/10.1016/j.pmatsci.2017.12.001
https://doi.org/10.1039/C8TA10711D
https://doi.org/10.1007/s11367-017-1351-6
https://doi.org/10.1016/j.supflu.2018.09.003
https://doi.org/10.1021/acs.jafc.8b03231
https://www.ncbi.nlm.nih.gov/pubmed/30130963
https://doi.org/10.3390/polym12081759
https://www.ncbi.nlm.nih.gov/pubmed/32781602
https://doi.org/10.1039/c2jm30688c
https://doi.org/10.1016/j.eurpolymj.2020.110132
https://doi.org/10.1016/j.ijbiomac.2023.126694
https://www.ncbi.nlm.nih.gov/pubmed/37673150
https://doi.org/10.1002/anie.202003053
https://doi.org/10.3390/gels10010027
https://www.ncbi.nlm.nih.gov/pubmed/38247750

Biomimetics 2024, 9, 397 24 of 26

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Lee, C.S.; Hwang, H.S. Starch-Based Hydrogels as a Drug Delivery System in Biomedical Applications. Gels 2023, 9, 951.
[CrossRef] [PubMed]

Chen, Z.-].; Zhang, Y.; Zheng, L.; Zhang, H.; Shi, H.-H.; Zhang, X.-C.; Liu, B. Mineralized self-assembled silk fibroin/cellulose
interpenetrating network aerogel for bone tissue engineering. Biomater. Adv. 2022, 134, 112549. [CrossRef] [PubMed]
Iglesias-Mejuto, A.; Malandain, N.; Ferreira-Gongalves, T.; Ardao, I.; Reis, C.P,; Laromaine, A.; Roig, A.; Garcia-Gonzalez, C.A.
Cellulose-in-cellulose 3D-printed bioaerogels for bone tissue engineering. Cellulose 2024, 31, 515-534. [CrossRef]

Al-Jawuschi, N.; Chen, S.; Abie, N.; Fischer, T.; Fare, S.; Maleki, H.H. Self-Assembly-Driven Bi2S3 Nanobelts Integrated a
Silk-Fibroin-Based 3D-Printed Aerogel-Based Scaffold with a Dual-Network Structure for Photothermal Bone Cancer Therapy.
Langmuir 2023, 39, 4326-4337. [CrossRef] [PubMed]

Ng, P; Pinho, A.R.; Gomes, M.C.; Demidov, Y.; Krakor, E.; Grume, D.; Herb, M.; L¢, K.; Mano, J.; Mathur, S; et al. Fabrication of
Antibacterial, Osteo-Inductor 3D Printed Aerogel-Based Scaffolds by Incorporation of Drug Laden Hollow Mesoporous Silica
Microparticles into the Self-Assembled Silk Fibroin Biopolymer. Macromol. Biosci. 2022, 22, 2100442. [CrossRef] [PubMed]
Goimil, L.; Braga, M.E.M.; Dias, AM.A.; Gémez-Amoza, J.L.; Concheiro, A.; Alvarez-Lorenzo, C.; de Sousa, H.C.; Garcia-
Gonzalez, C.A. Supercritical processing of starch aerogels and aerogel-loaded poly(e-caprolactone) scaffolds for sustained release
of ketoprofen for bone regeneration. J. CO2 Util. 2017, 18, 237-249. [CrossRef]

Martins, M.; Barros, A.A.; Quraishi, S.; Gurikov, P.; Raman, S.P.; Smirnova, I.; Duarte, A.R.C.; Reis, R.L. Preparation of macroporous
alginate-based aerogels for biomedical applications. J. Supercrit. Fluids 2015, 106, 152-159. [CrossRef]

Sun, D.; Liu, W,; Tang, A.; Zhou, F. Tuning the Poisson’s ratio of poly(ethylene glycol) diacrylate/cellulose nanofibril aerogel
scaffold precisely for cultivation of bone marrow mesenchymal stem cell. J. Biomed. Mater. Res. A 2023, 111, 502-513. [CrossRef]
[PubMed]

Tang, A; Ji, J.; Li, J.; Liu, W,; Wang, J.; Sun, Q.; Li, Q. Nanocellulose/PEGDA Aerogels with Tunable Poisson’s Ratio Fabricated by
Stereolithography for Mouse Bone Marrow Mesenchymal Stem Cell Culture. Nanomaterials 2021, 11, 603. [CrossRef] [PubMed]
Wang, Y.; Guo, Y,; Liu, Y;; Zhao, X.; Huang, Y.; Zhang, X.; Hu, X.; Mequanint, K.; Luo, G.; Xing, M. Platelet Vesicles Synergetic with
Biosynthetic Cellulose Aerogels for Ultra-Fast Hemostasis and Wound Healing. Adv. Healthc. Mater. 2024, 2304523. [CrossRef]
[PubMed]

Wu, B.; Pan, W,; Luo, S.; Luo, X.; Zhao, Y.; Xiu, Q.; Zhong, M.; Wang, Z.; Liao, T.; Li, N.; et al. Turmeric-Derived Nanoparticles
Functionalized Aerogel Regulates Multicellular Networks to Promote Diabetic Wound Healing. Adv. Sci. 2024, 11, 2307630.
[CrossRef] [PubMed]

Li, Q; Hu, E; Yu, K; Xie, R; Lu, E; Lu, B,; Bao, R.; Dai, F; Lan, G. Gemini Dressing with Both Super-hydrophilicity and-
hydrophobicity Pursuing Isolation of Blood Cells for Hemostasis and Wound Healing. Adv. Fiber Mater. 2023, 5, 1447-1466.
[CrossRef]

Yang, T.-X.; Li, H.; Zhu, Y.; Gao, Y,; Lv, H.-N.; Zha, S.-H.; Sun, X.-L.; Zhao, Q.-S. Preparation and characterisation of wheat
starch-based aerogels for procyanidin encapsulation to enhance stability. New J. Chem. 2024, 48, 79-88. [CrossRef]

Franco, P.; De Marco, I. Supercritical CO2 adsorption of non-steroidal anti-inflammatory drugs into biopolymer aerogels. . CO2
Util. 2020, 36, 40-53. [CrossRef]

Cai, C.; Wei, Z; Deng, L.; Fu, Y. Temperature-Invariant Superelastic Multifunctional MXene Aerogels for High-Performance
Photoresponsive Supercapacitors and Wearable Strain Sensors. ACS Appl. Mater. Interfaces 2021, 13, 54170-54184. [CrossRef]
[PubMed]

Xu, T,; Song, Q.; Liu, K,; Liu, H.; Pan, J.; Liu, W,; Dai, L.; Zhang, M.; Wang, Y.; Si, C.; et al. Nanocellulose-Assisted Construction of
Multifunctional MXene-Based Aerogels with Engineering Biomimetic Texture for Pressure Sensor and Compressible Electrode.
Nano-Micro Lett. 2023, 15, 98. [CrossRef] [PubMed]

Bandar Abadi, M.; Weissing, R.; Wilhelm, M.; Demidov, Y.; Auer, J.; Ghazanfari, S.; Anasori, B.; Mathur, S.; Maleki, H. Nacre-
Mimetic, Mechanically Flexible, and Electrically Conductive Silk Fibroin-MXene Composite Foams as Piezoresistive Pressure
Sensors. ACS Appl. Mater. Interfaces 2021, 13, 34996-35007. [CrossRef] [PubMed]

Iglesias-Mejuto, A.; Garcia-Gonzalez, C.A. 3D-printed alginate-hydroxyapatite aerogel scaffolds for bone tissue engineering.
Mater. Sci. Eng. C 2021, 131, 112525. [CrossRef] [PubMed]

Zhang, L.; Fang, ].; Fu, L.; Chen, L.; Dai, W.; Huang, H.; Wang, J.; Zhang, X.; Cai, Q.; Yang, X. Gradient fibrous aerogel conjugated
with chemokine peptide for regulating cell differentiation and facilitating osteochondral regeneration. Chem. Eng. ]. 2021,
422,130428. [CrossRef]

Chen, Y.; Xiang, Y.; Zhang, H.; Zhu, T.; Chen, S.; Li, J.; Du, J.; Yan, X. A multifunctional chitosan composite aerogel based on high
density amidation for chronic wound healing. Carbohydr. Polym. 2023, 321, 121248. [CrossRef] [PubMed]

John, ].V,; Sharma, N.S.; Tang, G.; Luo, Z.; Su, Y.; Weihs, S.; Shahriar, S.M.S.; Wang, G.; McCarthy, A.; Dyke, J.; et al. Nanofiber
Aerogels with Precision Macrochannels and LL-37-Mimic Peptides Synergistically Promote Diabetic Wound Healing. Adv. Funct.
Mater. 2023, 33, 2206936. [CrossRef] [PubMed]

Hu, X,; Wang, Y.; Zhang, L.; Xu, M. Simple ultrasonic-assisted approach to prepare polysaccharide-based aerogel for cell research
and histocompatibility study. Int. ]. Biol. Macromol. 2021, 188, 411-420. [CrossRef] [PubMed]

Zamora-Sequeira, R.; Ardao, L; Starbird, R.; Garcia-Gonzalez, C.A. Conductive nanostructured materials based on poly-(3,4-
ethylenedioxythiophene) (PEDOT) and starch/k-carrageenan for biomedical applications. Carbohydr. Polym. 2018, 189, 304-312.
[CrossRef] [PubMed]


https://doi.org/10.3390/gels9120951
https://www.ncbi.nlm.nih.gov/pubmed/38131937
https://doi.org/10.1016/j.msec.2021.112549
https://www.ncbi.nlm.nih.gov/pubmed/35525751
https://doi.org/10.1007/s10570-023-05601-1
https://doi.org/10.1021/acs.langmuir.2c03334
https://www.ncbi.nlm.nih.gov/pubmed/36930783
https://doi.org/10.1002/mabi.202100442
https://www.ncbi.nlm.nih.gov/pubmed/35029037
https://doi.org/10.1016/j.jcou.2017.01.028
https://doi.org/10.1016/j.supflu.2015.05.010
https://doi.org/10.1002/jbm.a.37468
https://www.ncbi.nlm.nih.gov/pubmed/36345885
https://doi.org/10.3390/nano11030603
https://www.ncbi.nlm.nih.gov/pubmed/33670932
https://doi.org/10.1002/adhm.202304523
https://www.ncbi.nlm.nih.gov/pubmed/38345186
https://doi.org/10.1002/advs.202307630
https://www.ncbi.nlm.nih.gov/pubmed/38441389
https://doi.org/10.1007/s42765-023-00280-w
https://doi.org/10.1039/D3NJ03311B
https://doi.org/10.1016/j.jcou.2019.11.001
https://doi.org/10.1021/acsami.1c16318
https://www.ncbi.nlm.nih.gov/pubmed/34732049
https://doi.org/10.1007/s40820-023-01073-x
https://www.ncbi.nlm.nih.gov/pubmed/37038023
https://doi.org/10.1021/acsami.1c09675
https://www.ncbi.nlm.nih.gov/pubmed/34259501
https://doi.org/10.1016/j.msec.2021.112525
https://www.ncbi.nlm.nih.gov/pubmed/34857304
https://doi.org/10.1016/j.cej.2021.130428
https://doi.org/10.1016/j.carbpol.2023.121248
https://www.ncbi.nlm.nih.gov/pubmed/37739489
https://doi.org/10.1002/adfm.202206936
https://www.ncbi.nlm.nih.gov/pubmed/36714167
https://doi.org/10.1016/j.ijbiomac.2021.08.034
https://www.ncbi.nlm.nih.gov/pubmed/34375664
https://doi.org/10.1016/j.carbpol.2018.02.040
https://www.ncbi.nlm.nih.gov/pubmed/29580413

Biomimetics 2024, 9, 397 25 of 26

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Santos-Rosales, V.; Ardao, I.; Alvarez-Lorenzo, C.; Ribeiro, N.; Oliveira, A.L.; Garcia-Gonzalez, C.A. Sterile and Dual-Porous
Aerogels Scaffolds Obtained through a Multistep Supercritical CO2-Based Approach. Molecules 2019, 24, 871. [CrossRef] [PubMed]
Cheng, Z.; Ye, Z.; Natan, A.; Ma, Y.; Li, H.; Chen, Y.; Wan, L.; Aparicio, C.; Zhu, H. Bone-Inspired Mineralization with Highly
Aligned Cellulose Nanofibers as Template. ACS Appl. Mater. Interfaces 2019, 11, 42486—-42495. [CrossRef] [PubMed]
Karamat-Ullah, N.; Demidov, Y.; Schramm, M.; Grumme, D.; Auer, J.; Bohr, C.; Brachvogel, B.; Maleki, H. 3D Printing of
Antibacterial, Biocompatible, and Biomimetic Hybrid Aerogel-Based Scaffolds with Hierarchical Porosities via Integrating
Antibacterial Peptide-Modified Silk Fibroin with Silica Nanostructure. ACS Biomater. Sci. Eng. 2021, 7, 4545-4556. [CrossRef]
[PubMed]

Li, X.; Gao, Z.; Zhou, S.; Zhu, L.; Zhang, Q.; Wang, S.; You, R. Engineering biomimetic scaffolds by combining silk protein
nanofibrils and hyaluronic acid. Int. J. Biol. Macromol. 2024, 257, 128762. [CrossRef] [PubMed]

Zhou, S.; Xiao, J.; Ji, Y,; Feng, Y.; Yan, S.; Li, X.; Zhang, Q.; You, R. Natural silk nanofibers as building blocks for biomimetic
aerogel scaffolds. Int. ]. Biol. Macromol. 2023, 237, 124223. [CrossRef] [PubMed]

Zhao, Y.; Cheng, C.; Wang, X.; Yuan, Z.; Sun, B.; El-Newehy, M.; Abdulhameed, M.M.; Fang, B.; Mo, X. Aspirin-Loaded Anti-
Inflammatory ZnO-5iO2 Aerogel Scaffolds for Bone Regeneration. ACS Appl. Mater. Interfaces 2024, 16, 17092-17108. [CrossRef]
[PubMed]

Chen, Z.; Zheng, ].; Pei, X.; Sun, S.; Cai, J.; Liu, Y.; Wang, Y.; Zheng, L.; Zhou, H. Ultrasound-driven electrical stimulation based
on 3D hierarchical porous piezoelectric nanofiber-aerogel scaffold promotes bone defect repair. Chemn. Eng. J. 2023, 470, 144305.
[CrossRef]

Yahya, E.B.; Amirul, A.A,; HPS., AK,; Olaiya, N.G,; Igbal, M.O.; Jummaat, F; AK,, A.S;; Adnan, A.S. Insights into the Role of
Biopolymer Aerogel Scaffolds in Tissue Engineering and Regenerative Medicine. Polymers 2021, 13, 1612. [CrossRef] [PubMed]
Quan, K;; Li, G.; Tao, L.; Xie, Q.; Yuan, Q.; Wang, X. Diaminopropionic Acid Reinforced Graphene Sponge and Its Use for
Hemostasis. ACS Appl. Mater. Interfaces 2016, 8, 7666-7673. [CrossRef] [PubMed]

Pan, S.; Li, Y,; Tong, X.; Chen, L.; Wang, L.; Li, T.; Zhang, Q. Strongly-adhesive easily-detachable carboxymethyl cellulose aerogel
for noncompressible hemorrhage control. Carbohydr. Polym. 2023, 301, 120324. [CrossRef] [PubMed]

Wang, L.; Zhang, C.; Zhao, W.; Li, W.; Wang, G.; Zhou, X.; Zhang, Q. Water-Swellable Cellulose Nanofiber Aerogel for Control of
Hemorrhage from Penetrating Wounds. ACS Appl. Bio Mater. 2022, 5, 4886—4895. [CrossRef] [PubMed]

Li, G,; Liang, Y.; Xu, C.; Sun, H.; Tao, L.; Wei, Y.; Wang, X. Polydopamine reinforced hemostasis of a graphene oxide sponge via
enhanced platelet stimulation. Colloids Surf. B Biointerfaces 2019, 174, 35-41. [CrossRef] [PubMed]

Li, J.; Sun, X.; Zhang, K; Yang, G.; Mu, Y; Su, C.; Pang, J.; Chen, T.; Chen, X.; Feng, C. Chitosan/Diatom-Biosilica Aerogel with
Controlled Porous Structure for Rapid Hemostasis. Adv. Healthc. Mater. 2020, 9, 2000951. [CrossRef] [PubMed]

Wu, H.; Gao, B.; Wu, H.; Song, J.; Zhu, L.; Zhou, M,; Linghu, X.; Huang, S.; Zhou, Z.; Wa, Q. A unidirectional water-transport
antibacterial bilayer nanofibrous dressing based on chitosan for accelerating wound healing. Int. ]. Biol. Macromol. 2024,
269, 131878. [CrossRef] [PubMed]

Li, H,; Yang, Y.; Mu, M.; Feng, C.; Chuan, D.; Ren, Y.; Wang, X; Fan, R.; Yan, J.; Guo, G. MXene-based polysaccharide aerogel with
multifunctional enduring antimicrobial effects for infected wound healing. Int. J. Biol. Macromol. 2024, 261, 129238. [CrossRef]
[PubMed]

Karan, A.; Sharma, N.S.; Darder, M.; Su, Y.; Andrabi, S.M.; Shahriar, S.M.S.; John, J.V.; Luo, Z.; DeCoster, M.A.; Zhang, Y.S.; et al.
Copper—Cystine Biohybrid-Embedded Nanofiber Aerogels Show Antibacterial and Angiogenic Properties. ACS Omega 2024, 9,
9765-9781. [CrossRef] [PubMed]

Gao, D.; Ernst, A.U.; Wang, X.; Wang, L.; Liu, W.; Ma, M. Engineering a Hierarchical Biphasic Gel for Subcutaneous Vascularization.
Adv. Healthc. Mater. 2022, 11, 2200922. [CrossRef] [PubMed]

Liang, W.; Wu, P; Yan, S.; Wang, S.; Zhao, J.; Su, X,; Li, ].; Yu, F; Lang, M.; Xie, Y. Tissue hydrate layer-trigger swollen gelatin-based
aerogel hemostatic material with bletilla striata complex active ingredient complex to promote hemostasis. Appl. Mater. Today
2024, 38, 102227. [CrossRef]

Groult, S.; Buwalda, S.; Budtova, T. Tuning bio-aerogel properties for controlling drug delivery. Part 2: Cellulose-pectin composite
aerogels. Biomater. Adv. 2022, 135, 212732. [CrossRef] [PubMed]

Garcia-Gonzalez, C.A.; Smirnova, I. Use of supercritical fluid technology for the production of tailor-made aerogel particles for
delivery systems. |. Supercrit. Fluids 2013, 79, 152-158. [CrossRef]

Sang, Y.; Gao, ].; Han, X.; Liang, T.; Chen, T.; Zhao, Y. Preparation and sustained release of diatomite incorporated and Eudragit
L100 coated hydroxypropyl cellulose/chitosan aerogel microspheres. Int. . Biol. Macromol. 2024, 267, 131447. [CrossRef]
[PubMed]

Chen, F; Liao, Y.; Wei, S.; Zhou, H.; Wu, Y.; Qing, Y.; Li, L.; Luo, S.; Tian, C.; Wu, Y. Wood-inspired elastic and conductive
cellulose aerogel with anisotropic tubular and multilayered structure for wearable pressure sensors and supercapacitors. Int. J.
Biol. Macromol. 2023, 250, 126197. [CrossRef] [PubMed]

Huang, H.; Shao, R.; Wang, C.; An, X.; Sun, Z.; Sun, S. Flexible, ultralight, ultrathin, and highly sensitive pressure sensors based
on bacterial cellulose and silver nanowires. J. Mater. Sci. 2022, 57, 20987-20998. [CrossRef]


https://doi.org/10.3390/molecules24050871
https://www.ncbi.nlm.nih.gov/pubmed/30823685
https://doi.org/10.1021/acsami.9b15234
https://www.ncbi.nlm.nih.gov/pubmed/31638768
https://doi.org/10.1021/acsbiomaterials.1c00483
https://www.ncbi.nlm.nih.gov/pubmed/34415718
https://doi.org/10.1016/j.ijbiomac.2023.128762
https://www.ncbi.nlm.nih.gov/pubmed/38101657
https://doi.org/10.1016/j.ijbiomac.2023.124223
https://www.ncbi.nlm.nih.gov/pubmed/36996961
https://doi.org/10.1021/acsami.3c17152
https://www.ncbi.nlm.nih.gov/pubmed/38533625
https://doi.org/10.1016/j.cej.2023.144305
https://doi.org/10.3390/polym13101612
https://www.ncbi.nlm.nih.gov/pubmed/34067569
https://doi.org/10.1021/acsami.5b12715
https://www.ncbi.nlm.nih.gov/pubmed/26978481
https://doi.org/10.1016/j.carbpol.2022.120324
https://www.ncbi.nlm.nih.gov/pubmed/36446491
https://doi.org/10.1021/acsabm.2c00609
https://www.ncbi.nlm.nih.gov/pubmed/36125342
https://doi.org/10.1016/j.colsurfb.2018.10.074
https://www.ncbi.nlm.nih.gov/pubmed/30419476
https://doi.org/10.1002/adhm.202000951
https://www.ncbi.nlm.nih.gov/pubmed/33006258
https://doi.org/10.1016/j.ijbiomac.2024.131878
https://www.ncbi.nlm.nih.gov/pubmed/38692530
https://doi.org/10.1016/j.ijbiomac.2024.129238
https://www.ncbi.nlm.nih.gov/pubmed/38278388
https://doi.org/10.1021/acsomega.3c10012
https://www.ncbi.nlm.nih.gov/pubmed/38434900
https://doi.org/10.1002/adhm.202200922
https://www.ncbi.nlm.nih.gov/pubmed/35894816
https://doi.org/10.1016/j.apmt.2024.102227
https://doi.org/10.1016/j.bioadv.2022.212732
https://www.ncbi.nlm.nih.gov/pubmed/35929208
https://doi.org/10.1016/j.supflu.2013.03.001
https://doi.org/10.1016/j.ijbiomac.2024.131447
https://www.ncbi.nlm.nih.gov/pubmed/38588843
https://doi.org/10.1016/j.ijbiomac.2023.126197
https://www.ncbi.nlm.nih.gov/pubmed/37558032
https://doi.org/10.1007/s10853-022-07943-w

Biomimetics 2024, 9, 397 26 of 26

114. Yuanzheng, L.; Youqi, W.; Jiang, H.; Buyin, L. Nanofiber enhanced graphene-elastomer with unique biomimetic hierarchical
structure for energy storage and pressure sensing. Mater. Des. 2021, 203, 109612. [CrossRef]

115. Paolieri, M.; Chen, Z.; Babu Kadumudji, F.; Alehosseini, M.; Zorron, M.; Dolatshahi-Pirouz, A.; Maleki, H. Biomimetic Flexible
Electronic Materials from Silk Fibroin-MXene Composites Developed via Mussel-Inspired Chemistry as Wearable Pressure
Sensors. ACS Appl. Nano Mater. 2023, 6, 5211-5223. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.matdes.2021.109612
https://doi.org/10.1021/acsanm.2c05140

	Introduction 
	Preparation of Biopolymer-Based Aerogel 
	Sol–Gel Process 
	Aging Process 
	Drying Process 
	Supercritical Carbon Dioxide (SC-CO2) Drying 
	Freeze-Drying 
	Microwave Drying 


	Biopolymer-Based Aerogel 
	Biopolymer-Based Aerogel in Biomedical Applications 
	Biopolymer-Based Aerogel for Tissue Regeneration 
	Bone Tissue Regeneration 
	Cartilage Tissue Regeneration 

	Biopolymer-Based Aerogel for Wound Healing and Hemostat Application 
	Biopolymer-Based Aerogel for Drug Delivery 
	Biopolymer-Based Aerogel for Biosensors 

	Conclusions and Perspectives 
	References

