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Cellulose is one of the most abundant organic compounds in nature and is
available from diverse sources. Cellulose features tunable properties, making it a
promising substrate for biomaterial development. In this review, we highlight
advances in the physical processes and chemical modifications of cellulose that
enhance its properties for use as a biomaterial. Three cellulosic products are
discussed, including nanofibrillated, nanocrystalline, and bacterial cellulose,
with a focus on how each may serve as a platform for the development of
advanced cellulose-based biomaterials for Biomedical applications. In addition
to associating mechanical and chemical properties of cellulosic materials to
specific applications, a prospectus is offered for the future development of
cellulose-based biomaterials for biomedicine.
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Introduction

Cellulose is the most abundant, broadly-distributed natural polymer in the world (Moon
etal, 2011). It is composed of glucose residues linked by 3-1,4-glycosidic bonds. Natural fibers
from cellulosic feedstock and synthetic cellulose are used in textiles, food, construction, and
many other industries (Zhu et al, 2016; Yang et al, 2021). The biocompatibility,
biodegradability, water-retention capacity, renewability, and tunability of cellulose make it
an ideal biopolymer for use as a biomaterial (Bhaladhare and Das, 2022). In general, cellulosic
materials are considered to be environment-friendly and are low-cost when compared to other
conventional synthetic materials (Hickey and Pelling, 2019). Cellulose polymers for
biomaterials may be produced either by chemical synthesis or biosynthesis. Feedstock
from a variety of sources (e.g, plants, animals, and microbes) serve as substrates to
produce cellulose-based materials (He et al., 2016; Okeyoshi et al., 2018).

Over the past decade, there has been renewed interest in the use of cellulosic
feedstocks to produce biofuels as fuel prices fluctuate erratically and use of fossil fuels
continue to contribute to geopolitical instability and climate change (Ceballos, 2017;
Kumar et al., 2020; Saravanan et al., 2022). In addition, other research has focused on the
physical and chemical properties of cellulose for the development of cellulose-based
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FIGURE 1
Modifications in the synthesis of cellulose-based
biomaterials.

biomaterials (Habibi, 2014; Agarwal and Csoka, 2019; Tarrahi
et al., 2022). It has been shown that cellulose fibers produce
elongated fibrillary structures or intact rod-like crystalline
particles in the nanoscale range when subjected to mechanical
shearing or controlled acid hydrolysis (Klemm et al., 2011). This
is advantageous because it permits useful modifications to the
macromolecular structure of cellulose (through a variety of
chemistries) with nanoscale tunability for a myriad of
sophisticated applications (Habibi, 2014).

Several reviews are published on using nanoscale, structured
cellulosic substrates (i.e., nanocellulose) in biomaterials. These
are mainly focused on sourcing, isolation, fabrication, and
surface modifications to cellulose (Hickey and Pelling, 2019;
Moohan et al., 2020; Sood et al., 2021; Mali and Sherje, 2022).
Although these reports offer details regarding synthesis of
cellulosic materials, forming composites, and current
applications for cellulosic biomaterials (Agarwal and Csoka,
2019; Tarrahi et al., 2022), few is focused on the compatibility
between particular physical processes and chemical properties
and the suitability of the resulting nanocellulose-based materials
for specific biomedical applications. Here, we aim to connect the
features of cellulose-based materials based on their physical and
chemical properties to biomedical applications. This review
addresses different types of cellulose-based substrates (e.g.,
nanofibrillated, nanocrystalline, and bacterial cellulose) and
the benefits of selected chemical and physical treatments that
are amenable for biomedical applications of cellulose-based

materials.

Modifications in the synthesis of
cellulose-based biomaterials

Over the last decade, improvements for the use of cellulose as
a biomaterial have included modifying surface properties and
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constructing cellulose-based composites to serve a wider range of
applications (Habibi, 2014; Jorfi and Foster, 2015). Structured
cellulose with nanoscale features (i.e., nanocellulose) that include
a high aspect (i.e., length-to-width) ratio and a large (micro- to
macroscopic) surface area (Agarwal and Csoka, 2019) can be
broadly classified as either nanofibrillated cellulose (NEC),
nanocrystalline cellulose (NCC), or bacterial cellulose (BC)
depending upon its source and properties (Lin and Dufresne,
2014). Functionality of cellulosic materials can be modified
surface alterations, including physical adsorption of molecules,
attachment of chemical moieties, and derivatization by one or
more functional groups (Figure 1).

Modifications by physical or mechanical
processes

Mechanical shearing laterally disintegrates cellulose fibers
into sub-structural nanoscale units, called nanofibrils, resulting
in nanofibrillated cellulose (NFC) (Habibi, 2014). Rigorous
mechanical disruption produces NFC, which features fibrils
on the order of several microns (Orlando et al., 2020). Three
main technologies, homogenization, microfluidization, and
microgrinding, are widely used for mechanical treatment of
substrate leading to NFC. For example, a high-pressure
homogenization method, which combines a homogenizer and
a microfluidizer, is one of the most common substrate treatments
due high defibrillation efficiency and relatively short isolation
times compared to other methods. During high-pressure
high produce defibrillated
cellulose fibers from both crystalline and amorphous domains
of the cellulose substrate (Kose et al., 2011; Habibi, 2014).
Another method to produce NFC is emulsification in which

homogenization, shear forces

agitation of a multi-phase mixture yields small aqueous droplets
of hydrogel precursors in a hydrophobic medium (i.e., oil or
organic solvent). This is a proven strategy to produce of nano- or
micro-sphere gels (El-Sherbiny and Yacoub, 2013).

NEC may also be produce by other methods including
cryocrushing, ultrasonication, and steam explosion (Uetani
a combination of

followed by high-
impact crushing under liquid nitrogen. Resulting microfibrils

and Yano, 2011). Cryocrushing involves
severe shearing of cellulose in a refiner,

are useful in the production of high strength and high stiffness
composites for high-performance applications like bone tissue
and prosthetics engineering (Chakraborty et al, 2005). In
ultrasonication, purified cellulose is soaked in deionized water
and then subjected to ultrasonic fibrillation to isolate nanofibers.
The process can be performed at a different frequencies and
output power levels depending upon the purpose of the process
(Xie et al.,, 2016). Ultrasonication yields nanofibers with desired
properties, such as high crystallinity and thermal resistance
(Chen et al, 2011), which are used as nanocomposites,
filtration media, or films that feature optical transparency
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(Chakraborty et al., 2005; Chen et al., 2011). Steam explosion is
another alternative process for NFC production, in which
saturated steam is used to treat cellulosic feedstock. NFC
derived from steam explosion exhibits a notable increase in
tensile strength as well as improvement in other properties,
such as reduced lignin content (Chakraborty et al., 2005).

For BC, silver has been integrated into cellulose by soaking
feedstock with various substances, including silver salts (Chen
etal., 2019), silver sulfadiazine (Aris et al., 2019), and silver-based
fluorescent complexes (deBoer et al., 2015). Other metals such as
titanium oxide (Ullah M. W. et al., 2016b), zinc or zinc oxide
(Wahid et al., 2019; Dharmalingam and Anandalakshmi, 2020;
Dinca et al., 2020), and zeolites or montmorillonite (Horue et al.,
2020) have also been integrated into BC biomaterials. BC acts as
stabilizing agent to control particle nucleation. Therefore,
integration of metal nanoparticles into BC is promising
strategy homogeneously incorporating metal nanoparticles and
controlling particle formation. In general, the biocompatibility,
high specific surface area, and non-toxicity of BC are properties
that have prompted rapid development of BC-based biomaterials
(Sureshkumar et al., 2010).

Modifications by chemical alteration

In addition to physical processes, chemical modifications
have also been used to develop cellulose-based biomaterials for
specific applications. For example, sulfation introduces highly
negative sulfate esters on the surface of NCC. This, in turn, can
enhance adsorption of select biomolecules such as enzymes
(Chen et al, 2013). The 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-mediated oxidation of cellulose is a widely used
method to change the hydroxymethyl groups of cellulose to
carboxylic forms while conserving secondary hydroxyls
(Besbes et al., 2011; Isogai et al, 2011). Cellulose has also
been explored as a substrate for carrying out reactions by
click chemistry. Click chemistry produces a group of reactions
that are fast, simple to use, easy to purify, versatile, regiospecific,
and give high product yields (Hein et al., 2008). For example,
porphyrin was covalently immobilized to NCC via a 1,3-dipolar
catalyzed by Cu(I), which resulted in
photodynamic inactivation of Mycobacterium smegmatis and

cycloaddition

Staphylococcus aureus. Escherichia coli was also inactivated but
at lower efficacy (Feese et al,, 2011). Etherification has been used
as a cost effective and highly efficient chemical treatment step to
facilitate the defibrillation of the fibers (Hasani et al., 2008;
Eyholzer et al., 2012). Etherification of cellulose by aqueous
sodium hydroxide may be followed by cationic surface
functionalization of NCC or NFC with ammonium groups via
the addition of a nucleophile. Surface modifications to NCC or
NFC have
alkyldimethylchlorosilanes followed by isocyanate treatment
(Gousse et al., 2002; Andresen et al., 2007). Either NCC or

also been done through silylation with
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NEC can be treated with isocyanate, which results in urethane
linkages via urethanization or carbamylation. This enhances the
molecular hydrophobicity of the material (Siqueira et al., 2013).

Chemical modification of a cellulose substrate either alone or
in conjunction with mechanical or physical treatment may
endow the emerging cellulose-based material with a unique
set of properties. Selection of manufacturing processes yields
biomaterial with desired thermal stability, tensile strength,
crystallinity, and other factors. Different material profiles can
be matched to compatible applications.

Modifications of cellulose-based
biomaterials for biomedical
applications

The use of cellulose as a biomaterial has a long history.
Physical processes or chemical modifications of cellulose
(Orlando et al., 2020), derivatization of cellulose (Yang et al.,
2021), or mixing cellulose with other materials to produce
composites (Aris et al, 2019; Wahid et al, 2019) have all
in the
biomaterials. These cellulose-based materials are becoming

resulted development of innovative and useful

increasingly useful in biomedicine, including diagnosis,
treatment, prevention, and analysis of disease and disease

progression (Figure 2).

Drug delivery

Cellulose and nanocellulose have been used in the form of
gels, membranes, spheres, and crystals as excipients for a wide
range of drugs (Agarwal and Csoka, 2019). Early literature
reports that periodate-oxidized cellulose can be used to
immobilize insulin or p-amino salicylic acid for prolonged
drug delivery (Singh et al., 1981; Bala et al, 1982). In
addition, by copolymerizing methacrylic acid, N-isopropyl
acrylamide, or ethylene glycol dimethacrylate and employing
modified by 3-
methacryloxypropyltrimethoxysilane as a template, cellulose-

silica microspheres
coated hollow microspheres have been engineered to enable
prolonged (i.e., slow release) drug delivery (Agarwal and
Csoka, 2019). In contrast, for a rapid and controlled drug
delivery, oxidized cellulose beads have been developed.
Specifically, TEMPO-mediated oxidation provides a pH-
responsive system for drug release from beads cellulose beads,
which can be tuned to retain drug at pH 1.2 and release drug at
pH 7.0 (Xie et al., 2021). The release rate is controlled by changes
in oxidation state, allowing drug release at different locations
with strategic timing (Xie et al., 2021). Cellulose beads can also be
derived from BC. For example, a high-absorbance BC membrane
was developed for sustained release of the anti-inflammatory
drug diclofenac in transdermal systems (Silva et al., 2014). Using
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Biomedical applications and advantages of cellulose-based materials.

glycerol to facilitate drug absorption and enhance membrane
malleability, diclofenac was more readily absorbed (Agarwal and
Csoka, 2019). In another report, benzalkonium chloride-treated
BC dry films were found to have high drug-loading capacity and
enhanced drug efficacy for at least 24 h against Staphylococcus
aureus and Bacillus subtilis when applied to wounds (Ullah H.
et al.,, 2016a).

Skin and wound dressings

Cellulose-based materials have been used in wound healing
to mimic skin, facilitate rapid regeneration of skin cells, and
minimize scarring (Hickey and Pelling, 2019). Among the most
advanced materials used in wound dressings are those produced
via bioprinting. Nanocellulose can be an ideal component of bio-
ink. For example, nanocellulose fibrils derived from TEMPO-
mediated oxidation reduce viscosity in bioprinting yielding
(Rees 2015).
Bioprinting with nanocellulose-based bio-ink also permits the

advantageous rheological properties et al,
construction of porous nanostructures to stabilize functionalized

molecules.  For  example, carboxymethylated-periodate
nanocellulose has been used in bioprinting to produce 3D
porous structures with the capacity to carry and launch
microbicides (Rees et al., 2015). Electrospinning is a useful
method for the production of 3D porous matrices that mimic
the natural structures of layers within skin. Mixtures of cellulose
acetate and hydrogel (e.g., gelatin and poly urethane) have been

used in electrospinning processes to form scaffolds (Vatankhah
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et al, 2014). By varying the ratio of nanocellulose-to-hydrogel,

parameters such as porosity, stiffness, hydrophobicity,
absorption, and surface area can be tuned to improve
efficiency in wound healing applications (Liu et al., 2012). The
high specific surface area and hydrophilicity of NFC allows it to
hold large amounts of water (relative to its dry mass). When
dispersed in water, NFC yields a hydrogel that can be modified
for a variety of purposes including the production of wound
dressing products. It has been shown that functionalized cellulose
dressings are superior to existing commercial products such as

Suprathel (Hakkarainen et al., 2016).

Bone tissue engineering

Cellulose has been used in bone tissue engineering because
cellulose fibers resemble the collagen fibers of bone tissue and
are compatible with the stiff, mechanical environment found
in bone systems (Torgbo and Sukyai, 2018; Vallejo et al,
2021). Because the mechanical properties of hydrogels cannot
withstand mechanical stresses seen on bone, they are often
(e.g., NFC). Cellulose
nanocrystals (e.g., NCC) serve as support in electrospun

reinforced with nanocellulose

matrices of polylactic acid (PLA) or polyvinyl alcohol
(PVA) hydrogels (Chalal et al., 2014; Rescignano et al.,
2014; Zhang et al, 2015). It has been demonstrated that
adhesion between PLA and cellulose in electrospinning can
be enhanced by maleic anhydride grafting, polyethylene glycol
grafting (PEG), and sodium dodecyl sulfate (SDS). This
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process modifies the nanocrystals to produce matrices with
smaller diameters and polydispersity (Zhou et al., 2013). It
also increases mechanical and thermal stability. For example,
it has been reported that PLA-cellulose scaffolds can exhibit
tensile strengths greater than 10 MPa (Zhang et al., 2015).
Fibrous nanocellulose has been used with bioactive glass to
coat metal implants resulting in rapid mineralization (e.g.,
hydroxyapatite formation) to facilitate cell attachment and
proliferation around the implants (Chen et al., 2015). Thus,
high mechanical strength cellulose and cellulose composites
are Dbeing in bone tissue

successfully implemented

regeneration applications.

Nerve tissue repair and growth factor
delivery

Cellulosic materials have been used as scaffolds for nerve
cell and stem cell culturing as well as for the delivery of growth
factors into tissues of the nervous system (Wang et al., 2013;
Duetal., 2014; Kuzmenko et al., 2016). For example, cellulose-
based biomaterials have been shown to promote the
regeneration of neurons after spinal cord injury. NFC
scaffolds are used in research to promote in vitro neural
stem cell differentiation. In vivo, the tunable porosity of
NFC scaffolds can facilitate optimal release of growth
factors into injured spinal cord regions (Tsai et al., 2006;
Hackett et al., 2010). For targeted delivery into micro-
environments surrounding neural stem cells, cellulose-
based scaffolds have been used to transport and release
growth factors. This is useful for heterogeneous neural
differentiation of large populations of stem cells and for
repairing damaged nerve tissues (Wang et al., 2013).

Ophthalmic tissue repair

Cellulose-based materials have been developed for several
ophthalmic applications. For example, BC/polyvinyl alcohol
(PVA) composites are being developed to mimic properties of
the natural cornea, which offers a transparent structure with
high light transmittance, flexibility but with mechanical
strength, and desirable thermal properties (Wang et al,
2010). BC-based contact lens and lens components can be
doped with antibiotics, such as ciprofloxacin/y-cyclodextrin
to prevent infection or to treat active bacterial infections
(Cavicchioli et al., 2015). BC biomaterials that are modified
with chitosan and carboxymethyl cellulose to maximize
hydrophilicity have been shown to facilitate enhances
propagation of retinal pigment epithelial cells (Goncalves
et al., 2015). This offers new prospects in the treatment of
multiple eyes diseases

including age-related macular

degeneration.
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Oral tissue repair

Nanocellulose-based materials have also been developed for
oral tissue repair and post-surgical recovery. For example, a
blend of BC with calcium chloride and sodium alginate has
resulted in the construction of a cellulosic “sponge”. This
material has been shown to promote the proliferation of
gingival fibroblast cells (Chiaoprakobkij et al., 2011). Similar
BC-based materials have shown utility in recovery regimens in
root canal surgeries. Specifically, BC biomaterials for plugging
cavities from dental root canals showed the ability to expand and
cover the entire canal space with the added benefit of sterilizing
and removing residue from the canal space (Yoshino et al., 2013).

Artificial blood vessels

in the
regeneration and replacement of vasculature. BC can be

Cellulosic biomaterials have also been used
molded to very different shapes during its synthesis to
generate substrates optimized for enhancing cell attachment
and proliferation (Mohite and Patil, 2014; Picheth et al,
2017). Studies have demonstrated that in vascular grafting,
materials made with BC induce a reduction in thrombin at
target surfaces thus inhibiting clot formation (Fink et al,
2010). This is a notable advantage over other commonly
materials commonly used for vascular grafting (e.g., PET and
PTFE). In addition, BC-derived composites have emerged as a
major alternative in the replacement of atherosclerotic blood
vessels. For example, blending BC nanocrystals with PVA
(Polyvinyl alcohol) results in an artificial vessel with high
tensile strength, low cytotoxicity, and enhanced suture
retention profile (Tang et al., 2015). A key issue in implants is
optimizing cell adhesion. The development of hydrophilic BC-
based biomaterials with polyethylene glycol (PEG) grafted into
the cellulosic base have shown favorable compatibility for cell
proliferation and adhesion (e.g., fibroblasts), reduced propensity
for complement activation, and resistance to bacterial adhesion
(da Silva et al,, 2016). The development of such hydrophilic BC
composites offers notable advances in the development of novel
artificial blood vessels implants, coatings for cardiovascular
stents (resistant to bacterial adhesion), and the replacement
heart valves.

Prospectus

Development of nanocellulose-based biomaterials is a robust
area of current research and engineering. From feedstock choice
to defining properties of different cellulosic substrates and
matching pretreatment and manufacturing processes to
specific applications, the diversity and number of cellulosic
biomaterials is growing. In this review, we have summarized
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general properties of three common cellulosic materials
(i.e, NCC, NFC, BC) and discussed physical and chemical
processes used to produce or modify each. We have provided
examples of how these starting materials are being used in
different biomedical applications and why the unique
properties of each cellulose substrate are suitable to each
application. Due to the sensitivity of biological systems to
foreign materials and the tunability of cellulosic substrates, the
use of cellulose-based biomaterials for biomedical applications is
a robust area of research and development. The shear abundance
of cellulose as a raw material and its status as a sustainable
resource make cellulosic materials even more attractive. Efforts to
understand the limitations of cellulosic biomaterials in
biomedicine, such as the potential for immunological
rejection, facilitating disease transmission, and enhancing risks
for future malignancies are valuable as cellulose-based products
become more widely used in biomedicine (Savoji et al., 2018).
The potential is great, indeed. Cellulose is being used in bio-ink
that serves to produce scaffolds for the regeneration of tissues or
entire organs (Weng et al,, 2021). Cellulose matrices are being
used to stabilize differentiating stem cells and in tissue
engineering. Cellulose-based drug delivery systems (e.g.,
cellulose microspheres and nanobeads) are used to regulate
the controlled release of medications and growth factors with
high resolution and specificity. Thus, despite some limitations
such as production costs for advanced cellulosic substrates
(Tornello et al, 2016) and special transportation/storage
conditions (Guan et al., 2020), the future looks promising for
the use of cellulose-based biomaterials in biomedicine.

References

Agarwal, C., and Csoka, L. (2019). “Chapter 6 - surface-modified cellulose in
biomedical engineering,” in Materials for biomedical engineering. Editors
V. Grumezescu and A. M. Grumezescu (Elsevier),Amsterdam, Netherlands
215-261. doi:10.1016/B978-0-12-818431-8.00007-6

Andresen, M., Stenstad, P., Moretro, T., Langsrud, S., Syverud, K., Johansson, L.
S., et al. (2007). Nonleaching antimicrobial films prepared from surface-modified
microfibrillated cellulose. Biomacromolecules 8 (7), 2149-2155. doi:10.1021/
bm070304e

Aris, F. A. F,, Fauzi, F,, Tong, W. Y., and Abdullah, S. S. S. (2019). Interaction of
silver sulfadiazine with bacterial cellulose via ex-situ modification method as an
alternative diabetic wound healing. Biocatal. Agric. Biotechnol. 21, 101332. doi:10.
1016/j.bcab.2019.101332

Bala, K, Guha, S. K, and Vasudevan, P. (1982). p-Amino salicylic acid

— oxidized cellulose system: a model for long term drug delivery. Biomaterials
3 (2), 97-100. doi:10.1016/0142-9612(82)90041-2

Besbes, 1., Alila, S., and Boufi, S. (2011). Nanofibrillated cellulose from TEMPO-
oxidized eucalyptus fibres: Effect of the carboxyl content. Carbohydr. Polym. 84 (3),
975-983. doi:10.1016/j.carbpol.2010.12.052

Bhaladhare, S., and Das, D. (2022). Cellulose: A fascinating biopolymer for
hydrogel synthesis. J. Mat. Chem. B 10, 1923-1945. doi:10.1039/d1tb02848k

Cavicchioli, M., Corso, C. T., Coelho, F., Mendes, L., Saska, S., Soares, C. P., et al.
(2015). Characterization and cytotoxic, genotoxic and mutagenic evaluations of
bacterial cellulose membranes incorporated with ciprofloxacin: A potential material
for use as therapeutic contact lens. World J. Pharm. Pharm. Sci. 4, 1626-1647.

Ceballos, R. M. (2017). Bioethanol and natural resources: Substrates, chemistry
and engineered systems. Boca Raton, FL: CRC Press. doi:10.1201/9781315154299

Frontiers in Bioengineering and Biotechnology

10.3389/fbice.2022.993711

Author contributions

NF, RC, and CF wrote and edited the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was funded by the National Institutes of Health
(R15GM140433 to CF and P20GM139768 to CF) and the
National Science Foundation (MCB 1818346 to RC).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the
publisher.

Chakraborty, A., Sain, M., and Kortschot, M. (2005). Cellulose microfibrils: A
novel method of preparation using high shear refining and cryocrushing.
Holzforschung 59 (1), 102-107. doi:10.1515/hf.2005.016

Chalal, S., Hussain, F. S. J., and Yusoff, M. B. M. (2014). Biomimetic growth of
bone-like apatite via simulated body fluid on hydroxyethyl cellulose/polyvinyl
alcohol electrospun nanofibers. Biomed. Mat. Eng. 24 (1), 799-806. doi:10.3233/
bme-130871

Chen, G., Zhang, B., Zhao, J., and Chen, H. W. (2013). Improved process for the
production of cellulose sulfate using sulfuric acid/ethanol solution. Carbohydr.
Polym. 95 (1), 332-337. doi:10.1016/j.carbpol.2013.03.003

Chen, H.,, Cheng, R. Y., Zhao, X, Zhang, Y. H,, Tam, A, Yan, Y. F,, et al. (2019).
An injectable self-healing coordinative hydrogel with antibacterial and angiogenic
properties for diabetic skin wound repair. NPG Asia Mat. 11, 3. doi:10.1038/s41427-
018-0103-9

Chen, Q,, Garcia, R. P., Munoz, J., de Larraya, U. P., Garmendia, N., Yao, Q. Q,,
et al. (2015). Cellulose nanocrystals-bioactive glass hybrid coating as bone
substitutes by electrophoretic Co-deposition: In situ control of mineralization of
bioactive glass and enhancement of osteoblastic performance. ACS Appl. Mat.
Interfaces 7 (44), 24715-24725. doi:10.1021/acsami.5b07294

Chen, W. S, Yu, H. P, Liu, Y. X,, Hai, Y. F,, Zhang, M. X., and Chen, P. (2011).
Isolation and characterization of cellulose nanofibers from four plant cellulose fibers
using a chemical-ultrasonic process. Cellulose 18 (2), 433-442. doi:10.1007/s10570-
011-9497-z

Chiaoprakobkij, N., Sanchavanakit, N., Subbalekha, K., Pavasant, P., and
Phisalaphong, M. (2011). Characterization and biocompatibility of bacterial
cellulose/alginate composite sponges with human keratinocytes and gingival
fibroblasts. Carbohydr. Polym. 85 (3), 548-553. doi:10.1016/j.carbpol.2011.03.011

frontiersin.org


https://doi.org/10.1016/B978-0-12-818431-8.00007-6
https://doi.org/10.1021/bm070304e
https://doi.org/10.1021/bm070304e
https://doi.org/10.1016/j.bcab.2019.101332
https://doi.org/10.1016/j.bcab.2019.101332
https://doi.org/10.1016/0142-9612(82)90041-2
https://doi.org/10.1016/j.carbpol.2010.12.052
https://doi.org/10.1039/d1tb02848k
https://doi.org/10.1201/9781315154299
https://doi.org/10.1515/hf.2005.016
https://doi.org/10.3233/bme-130871
https://doi.org/10.3233/bme-130871
https://doi.org/10.1016/j.carbpol.2013.03.003
https://doi.org/10.1038/s41427-018-0103-9
https://doi.org/10.1038/s41427-018-0103-9
https://doi.org/10.1021/acsami.5b07294
https://doi.org/10.1007/s10570-011-9497-z
https://doi.org/10.1007/s10570-011-9497-z
https://doi.org/10.1016/j.carbpol.2011.03.011
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.993711

Fatema et al.

da Silva, R,, Sierakowski, M. R,, Bassani, H. P., Zawadzki, S. F,, Pirich, C. L., Ono,
L., et al. (2016). Hydrophilicity improvement of mercerized bacterial cellulose films
by polyethylene glycol graft. Int. J. Biol. Macromol. 86, 599-605. doi:10.1016/j.
ijbiomac.2016.01.115

deBoer, T. R., Chakraborty, I, and Mascharak, P. K. (2015). Design and
construction of a silver(I)-loaded cellulose-based wound dressing: Trackable and
sustained release of silver for controlled therapeutic delivery to wound sites.
J. Mater. Science-Materials Med. 26 (10), 9. d0i:10.1007/s10856-015-5577-1

Dharmalingam, K., and Anandalakshmi, R. (2020). Functionalization of
cellulose-based nanocomposite hydrogel films with zinc oxide complex and
grapefruit seed extract for potential applications in treating chronic wounds.
Polymer 202, 122620. doi:10.1016/j.polymer.2020.122620

Dinca, V., Mocanu, A., Isopencu, G., Busuioc, C., Brajnicov, S., Vlad, A, et al.
(2020). Biocompatible pure ZnO nanoparticles-3D bacterial cellulose biointerfaces
with antibacterial properties. Arabian J. Chem. 13 (1), 3521-3533. doi:10.1016/j.
arabjc.2018.12.003

Du, J., Tan, E., Kim, H. J,, Zhang, A., Bhattacharya, R., and Yarema, K. J. (2014).
Comparative evaluation of chitosan, cellulose acetate, and polyethersulfone
nanofiber scaffolds for neural differentiation. Carbohydr. Polym. 99, 483-490.
doi:10.1016/j.carbpol.2013.08.050

El-Sherbiny, I. M., and Yacoub, M. H. (2013). Hydrogel scaffolds for tissue
engineering: Progress and challenges. Glob. Cardiol. Sci. Pract. 2013 (3), 38-342.
doi:10.5339/gcsp.2013.38

Eyholzer, C., Tingaut, P., Zimmermann, T., and Oksman, K. (2012). Dispersion
and reinforcing potential of carboxymethylated nanofibrillated cellulose powders
modified with 1-hexanol in extruded poly(lactic acid) (PLA) composites. J. Polym.
Environ. 20 (4), 1052-1062. doi:10.1007/s10924-012-0508-4

Feese, E., Sadeghifar, H., Gracz, H. S., Argyropoulos, D. S., and Ghiladi, R. A.
(2011).  Photobactericidal ~ porphyrin-cellulose  nanocrystals:  Synthesis,
characterization, and antimicrobial properties. Biomacromolecules 12 (10),
3528-3539. doi:10.1021/bm200718s

Fink, H., Faxalv, L., Molnar, G. F,, Drotz, K., Risberg, B., Lindahl, T. L., et al.
(2010). Real-time measurements of coagulation on bacterial cellulose and
conventional vascular graft materials. Acta Biomater. 6 (3), 1125-1130. doi:10.
1016/j.actbio.2009.09.019

Goncalves, S., Padrao, J., Rodrigues, I. P., Silva, J. P., Sencadas, V., Lanceros-Mendez,
S., et al. (2015). Bacterial cellulose as a support for the growth of retinal pigment
epithelium. Biomacromolecules 16 (4), 1341-1351. doi:10.1021/acs.biomac.5b00129

Gousse, C., Chanzy, H., Excoffier, G., Soubeyrand, L., and Fleury, E. (2002). Stable
suspensions of partially silylated cellulose whiskers dispersed in organic solvents.
Polymer 43 (9), 2645-2651. doi:10.1016/s0032-3861(02)00051-4

Guan, N, Liu, Z. H,, Zhao, Y. H,, Li, Q.,, and Wang, Y. T. (2020). Engineered
biomaterial strategies for controlling growth factors in tissue engineering. Drug
Deliv. 27 (1), 1438-1451. doi:10.1080/10717544.2020.1831104

Habibi, Y. (2014). Key advances in the chemical modification of nanocelluloses.
Chem. Soc. Rev. 43 (5), 1519-1542. d0i:10.1039/c3¢s60204d

Hackett, J. M., Dang, T. T., Tsai, E. C, and Cao, X. D. (2010). Electrospun
biocomposite polycaprolactone/collagen tubes as scaffolds for neural stem cell
differentiation. Materials 3 (6), 3714-3728. d0i:10.3390/ma3063714

Hakkarainen, T., Koivuniemi, R., Kosonen, M., Escobedo-Lucea, C., Sanz-Garcia,
A, Vuola, ], etal. (2016). Nanofibrillar cellulose wound dressing in skin graft donor
site treatment. J. Control. Release 244, 292-301. doi:10.1016/j.jconrel.2016.07.053

Hasani, M., Cranston, E. D., Westman, G., and Gray, D. G. (2008). Cationic
surface functionalization of cellulose nanocrystals. Soft Matter 4 (11), 2238-2244.
doi:10.1039/b806789a

He, S. D., Wang, X., Zhang, Y., Wang, J., Sun, H. J., Wang, J. H,, et al. (2016).
Isolation and prebiotic activity of water-soluble polysaccharides fractions from the
bamboo shoots (Phyllostachys praecox). Carbohydr. Polym. 151, 295-304. doi:10.
1016/j.carbpol.2016.05.072

Hein, C. D., Liu, X. M., and Wang, D. (2008). Click chemistry, a powerful tool for
pharmaceutical sciences. Pharm. Res. 25 (10), 2216-2230. doi:10.1007/s11095-008-
9616-1

Hickey, R. J., and Pelling, A. E. (2019). Cellulose biomaterials for tissue
engineering. Front. Bioeng. Biotechnol. 7, 45. doi:10.3389/fbioe.2019.00045

Horue, M., Cacicedo, M. L., Fernandez, M. A., Rodenak-Kladniew, B., Sanchez, R.
T. M., and Castro, G. R. (2020). Antimicrobial activities of bacterial cellulose - silver
montmorillonite nanocomposites for wound healing. Mater. Sci. Eng. C 116,
111152. doi:10.1016/j.msec.2020.111152

Isogai, A., Saito, T., and Fukuzumi, H. (2011). TEMPO-oxidized cellulose
nanofibers. Nanoscale 3 (1), 71-85. doi:10.1039/cOnr00583e

Jorfi, M., and Foster, E. J. (2015). Recent advances in nanocellulose for biomedical
applications. J. Appl. Polym. Sci. 132 (14), 19. doi:10.1002/app.41719

Frontiers in Bioengineering and Biotechnology

10.3389/fbice.2022.993711

Klemm, D., Kramer, F., Moritz, S., Lindstrom, T., Ankerfors, M., Gray, D., et al.
(2011). Nanocelluloses: A new family of nature-based materials. Angew. Chem. Int.
Ed. 50 (24), 5438-5466. doi:10.1002/anie.201001273

Kose, R., Mitani, I, Kasai, W., and Kondo, T. (2011). Nanocellulose" as a single
nanofiber prepared from pellicle secreted by gluconacetobacter xylinus using
aqueous counter collision. Biomacromolecules 12 (3), 716-720. doi:10.1021/
bm1013469

Kumar, M., Sun, Y. Q,, Rathour, R,, Pandey, A., Thakur, I. S., and Tsang, D. C. W.
(2020). Algae as potential feedstock for the production of biofuels and value-added
products: Opportunities and challenges. Sci. Total Environ. 716, 137116. doi:10.
1016/j.scitotenv.2020.137116

Kuzmenko, V., Kalogeropoulos, T., Thunberg, J., Johannesson, S., Hagg, D.,
Enoksson, P., et al. (2016). Enhanced growth of neural networks on conductive
cellulose-derived nanofibrous scaffolds. Mater. Sci. Eng. C 58, 14-23. doi:10.1016/j.
msec.2015.08.012

Lin, N, and Dufresne, A. (2014). Nanocellulose in biomedicine: Current status and
future prospect. Eur. Polym. J. 59, 302-325. doi:10.1016/j.eurpolym;j.2014.07.025

Liu, X,, Lin, T,, Gao, Y., Xu, Z. G., Huang, C,, Yao, G, et al. (2012). Antimicrobial
electrospun nanofibers of cellulose acetate and polyester urethane composite for wound
dressing. J. Biomed. Mat. Res. 100B (6), 1556-1565. doi:10.1002/jbm.b.32724

Mali, P., and Sherje, A. P. (2022). Cellulose nanocrystals: Fundamentals and
biomedical applications. Carbohydr. Polym. 275, 118668. doi:10.1016/j.carbpol.
2021.118668

Mohite, B. V., and Patil, S. V. (2014). A novel biomaterial: Bacterial cellulose and
its new era applications. Biotechnol. Appl. Biochem. 61 (2), 101-110. doi:10.1002/
bab.1148

Moohan, J., Stewart, S. A., Espinosa, E., Rosal, A., Rodriguez, A., Larraneta, E.,
et al. (2020). Cellulose nanofibers and other biopolymers for biomedical
applications. A review. Appl. Sci. (Basel). 10 (1), 65. doi:10.3390/app10010065

Moon, R. J., Martini, A., Nairn, J., Simonsen, J., and Youngblood, J. (2011).
Cellulose nanomaterials review: Structure, properties and nanocomposites. Chem.
Soc. Rev. 40 (7), 3941-3994. doi:10.1039/c0cs00108b

Okeyoshi, K., Joshi, G., Okajima, M. K., and Kaneko, T. (2018). Formation of
polysaccharide membranes by splitting of evaporative air-LC interface. Adv. Mat.
Interfaces 5 (3), 1701219. doi:10.1002/admi.201701219

Orlando, I, Basnett, P., Nigmatullin, R., Wang, W. X,, Knowles, J. C., and Roy, I.
(2020). Chemical modification of bacterial cellulose for the development of an
antibacterial wound dressing. Front. Bioeng. Biotechnol. 8, 557885. doi:10.3389/
fbioe.2020.557885

Picheth, G. F,, Pirich, C. L., Sierakowski, M. R., Woehl, M. A., Sakakibara, C. N.,
de Souza, C. F., et al. (2017). Bacterial cellulose in biomedical applications: A review.
Int. J. Biol. Macromol. 104, 97-106. doi:10.1016/j.ijbiomac.2017.05.171

Rees, A, Powell, L. C., Chinga-Carrasco, G., Gethin, D. T., Syverud, K., Hill, K. E,, et al.
(2015). 3D bioprinting of carboxymethylated-periodate oxidized nanocellulose constructs
for wound dressing applications. Biomed Res. Int. 7, 1-7. doi:10.1155/2015/925757

Rescignano, N., Fortunati, E., Montesano, S., Emiliani, C., Kenny, J. M., Martino, S.,
et al. (2014). PVA bio-nanocomposites: A new take-off using cellulose nanocrystals and
plga nanoparticles. Carbohydr. Polym. 99, 47-58. doi:10.1016/j.carbpol.2013.08.061

Saravanan, A., Kumar, P. S., Jeevanantham, S., Karishma, S., and Vo, D. V. N.
(2022). Recent advances and sustainable development of biofuels production from
lignocellulosic biomass. Bioresour. Technol. 344, 126203. doi:10.1016/j.biortech.
2021.126203

Savoji, H., Godau, B., Hassani, M. S., and Akbari, M. (2018). Skin tissue
substitutes and biomaterial risk assessment and testing. Front. Bioeng.
Biotechnol. 6, 86. doi:10.3389/fbioe.2018.00086

Silva, N. H., Rodrigues, A. F., Almeida, I. F., Costa, P. C., Rosado, C., Neto, C. P.,
et al. (2014). Bacterial cellulose membranes as transdermal delivery systems for
diclofenac: In vitro dissolution and permeation studies. Carbohydr. Polym. 106,
264-269. doi:10.1016/j.carbpol.2014.02.014

Singh, M., Vasudevan, P,, Sinha, T. J. M,, Ray, A. R, Misro, M. M., and Guha, K.
(1981). AN insulin delivery system from oxidized cellulose. J. Biomed. Mat. Res. 15
(5), 655-661. doi:10.1002/jbm.820150504

Siqueira, G., Bras, J., Follain, N., Belbekhouche, S., Marais, S., and Dufresne, A.
(2013). Thermal and mechanical properties of bio-nanocomposites reinforced by
Luffa cylindrica cellulose nanocrystals. Carbohydr. Polym. 91 (2), 711-717. doi:10.
1016/j.carbpol.2012.08.057

Sood, A., Gupta, A., and Agrawal, G. (2021). Recent advances in polysaccharides
based biomaterials for drug delivery and tissue engineering applications. Carbohydr.
Polym. Technol. Appl. 2, 100067. doi:10.1016/j.carpta.2021.100067

Sureshkumar, M., Siswanto, D. Y., and Lee, C. K. (2010). Magnetic antimicrobial
nanocomposite based on bacterial cellulose and silver nanoparticles. J. Mat. Chem.
20 (33), 6948-6955. doi:10.1039/c0jm00565g

frontiersin.org


https://doi.org/10.1016/j.ijbiomac.2016.01.115
https://doi.org/10.1016/j.ijbiomac.2016.01.115
https://doi.org/10.1007/s10856-015-5577-1
https://doi.org/10.1016/j.polymer.2020.122620
https://doi.org/10.1016/j.arabjc.2018.12.003
https://doi.org/10.1016/j.arabjc.2018.12.003
https://doi.org/10.1016/j.carbpol.2013.08.050
https://doi.org/10.5339/gcsp.2013.38
https://doi.org/10.1007/s10924-012-0508-4
https://doi.org/10.1021/bm200718s
https://doi.org/10.1016/j.actbio.2009.09.019
https://doi.org/10.1016/j.actbio.2009.09.019
https://doi.org/10.1021/acs.biomac.5b00129
https://doi.org/10.1016/s0032-3861(02)00051-4
https://doi.org/10.1080/10717544.2020.1831104
https://doi.org/10.1039/c3cs60204d
https://doi.org/10.3390/ma3063714
https://doi.org/10.1016/j.jconrel.2016.07.053
https://doi.org/10.1039/b806789a
https://doi.org/10.1016/j.carbpol.2016.05.072
https://doi.org/10.1016/j.carbpol.2016.05.072
https://doi.org/10.1007/s11095-008-9616-1
https://doi.org/10.1007/s11095-008-9616-1
https://doi.org/10.3389/fbioe.2019.00045
https://doi.org/10.1016/j.msec.2020.111152
https://doi.org/10.1039/c0nr00583e
https://doi.org/10.1002/app.41719
https://doi.org/10.1002/anie.201001273
https://doi.org/10.1021/bm1013469
https://doi.org/10.1021/bm1013469
https://doi.org/10.1016/j.scitotenv.2020.137116
https://doi.org/10.1016/j.scitotenv.2020.137116
https://doi.org/10.1016/j.msec.2015.08.012
https://doi.org/10.1016/j.msec.2015.08.012
https://doi.org/10.1016/j.eurpolymj.2014.07.025
https://doi.org/10.1002/jbm.b.32724
https://doi.org/10.1016/j.carbpol.2021.118668
https://doi.org/10.1016/j.carbpol.2021.118668
https://doi.org/10.1002/bab.1148
https://doi.org/10.1002/bab.1148
https://doi.org/10.3390/app10010065
https://doi.org/10.1039/c0cs00108b
https://doi.org/10.1002/admi.201701219
https://doi.org/10.3389/fbioe.2020.557885
https://doi.org/10.3389/fbioe.2020.557885
https://doi.org/10.1016/j.ijbiomac.2017.05.171
https://doi.org/10.1155/2015/925757
https://doi.org/10.1016/j.carbpol.2013.08.061
https://doi.org/10.1016/j.biortech.2021.126203
https://doi.org/10.1016/j.biortech.2021.126203
https://doi.org/10.3389/fbioe.2018.00086
https://doi.org/10.1016/j.carbpol.2014.02.014
https://doi.org/10.1002/jbm.820150504
https://doi.org/10.1016/j.carbpol.2012.08.057
https://doi.org/10.1016/j.carbpol.2012.08.057
https://doi.org/10.1016/j.carpta.2021.100067
https://doi.org/10.1039/c0jm00565g
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.993711

Fatema et al.

Tang, J. Y., Bao, L. H,, Li, X,, Chen, L., and Hong, F. F. (2015). Potential of PVA-
doped bacterial nano-cellulose tubular composites for artificial blood vessels. J. Mat.
Chem. B 3 (43), 8537-8547. doi:10.1039/c5tb01144b

Tarrahi, R., Khataee, A., Karimi, A., and Yoon, Y. (2022). The latest achievements
in plant cellulose-based biomaterials for tissue engineering focusing on skin repair.
Chemosphere 288, 132529. doi:10.1016/j.chemosphere.2021.132529

Torgbo, S., and Sukyai, P. (2018). Bacterial cellulose-based scaffold materials for
bone tissue engineering. Appl. Mater. Today 11, 34-49. doi:10.1016/j.apmt.2018.
01.004

Tornello, P. R. C., Ballarin, F. M., Caracciolo, P. C., and Abraham, G. A. (2016).
Micro/nanofiber-based scaffolds for soft tissue engineering applications: Potential
and current challenges. Nanobiomaterials soft tissue Eng.,5 201-229. doi:10.1016/
B978-0-323-42865-1.00008-8

Tsai, E. C., Dalton, P. D., Shoichet, M. S., and Tator, C. H. (2006). Matrix
inclusion within synthetic hydrogel guidance channels improves specific
supraspinal and local axonal regeneration after complete spinal cord
transection. Biomaterials 27 (3), 519-533. doi:10.1016/j.biomaterials.2005.07.025

Uetani, K., and Yano, H. (2011). Nanofibrillation of wood pulp using a high-speed
blender. Biomacromolecules 12 (2), 348-353. doi:10.1021/bm101103p

Ullah, H,, Santos, H. A., and Khan, T. (2016a). Applications of bacterial cellulose
in food, cosmetics and drug delivery. Cellulose 23 (4), 2291-2314. doi:10.1007/
$10570-016-0986-y

Ullah, M. W, Ul-Islam, M., Khan, S., Kim, Y., Jang, J. H., and Park, J. K. (2016b).
In situ synthesis of a bio-cellulose/titanium dioxide nanocomposite by using a cell-
free system. RSC Adv. 6 (27), 22424-22435. doi:10.1039/c5ra26704h

Vallejo, M., Cordeiro, R., Dias, P. A. N., Moura, C., Henriques, M., Seabra, 1. J.,
et al. (2021). Recovery and evaluation of cellulose from agroindustrial residues of
corn, grape, pomegranate, strawberry-tree fruit and fava. Bioresour. Bioprocess. 8
(1), 25. doi:10.1186/s40643-021-00377-3

Vatankhah, E., Prabhakaran, M. P., Jin, G. R, Mobarakeh, L. G., and
Ramakrishna, S. (2014). Development of nanofibrous cellulose acetate/gelatin
skin substitutes for variety wound treatment applications. J. Biomater. Appl. 28
(6), 909-921. doi:10.1177/0885328213486527

Wahid, F., Duan, Y. X,, Hu, X. H., Chu, L. Q,, Jia, S. R,, Cui, J. D., et al. (2019). A
facile construction of bacterial cellulose/ZnO nanocomposite films and their
photocatalytic and antibacterial properties. Int. J. Biol. Macromol. 132, 692-700.
doi:10.1016/j.ijbiomac.2019.03.240

Frontiers in Bioengineering and Biotechnology

08

10.3389/fbioe.2022.993711

Wang, J. H,, Gao, C., Zhang, Y. S., and Wan, Y. Z. (2010). Preparation and in vitro
characterization of BC/PVA hydrogel composite for its potential use as artificial
cornea biomaterial. Mater. Sci. Eng. C 30 (1), 214-218. doi:10.1016/j.msec.2009.
10.006

Wang, Y. F., Cooke, M. J., Sachewsky, N., Morshead, C. M., and Shoichet, M. S.
(2013). Bioengineered sequential growth factor delivery stimulates brain tissue
regeneration after stroke. J. Control. Release 172 (1), 1-11. doi:10.1016/j.jconrel.
2013.07.032

Weng, T. T., Zhang, W, Xia, Y. L., Wu, P,, Yang, M,, Jin, R. H,, et al. (2021). 3D
bioprinting for skin tissue engineering: Current status and perspectives. J. Tissue
Eng. 12, 204173142110285. doi:10.1177/20417314211028574

Xie, F., De Wever, P., Fardim, P., and van den Mooter, G. (2021). TEMPO-
oxidized cellulose beads as potential pH-responsive carriers for site-specific drug
delivery in the gastrointestinal tract. Molecules 26 (4), 1030. doi:10.3390/
molecules26041030

Xie, J. L., Hse, C. Y., De Hoop, C. F., Hu, T. X, Qi, J. Q., and Shupe, T. F. (2016).
Isolation and characterization of cellulose nanofibers from bamboo using
microwave liquefaction combined with chemical treatment and ultrasonication.
Carbohydr. Polym. 151, 725-734. doi:10.1016/j.carbpol.2016.06.011

Yang, Y., Lu, Y. T, Zeng, K., Heinze, T., Groth, T., and Zhang, K. (2021). Recent
progress on cellulose-based ionic compounds for biomaterials. Adv. Mat. 33 (28),
2000717. doi:10.1002/adma.202000717

Yoshino, A., Tabuchi, M., Uo, M., Tatsumi, H., Hideshima, K., Kondo, S., et al.
(2013). Applicability of bacterial cellulose as an alternative to paper points in
endodontic treatment. Acta Biomater. 9 (4), 6116-6122. doi:10.1016/j.actbio.2012.
12.022

Zhang, C. M,, Salick, M. R,, Cordie, T. M., Effingham, T., Dan, Y., and Turng, L. S.
(2015). Incorporation of poly(ethylene glycol) grafted cellulose nanocrystals in
poly(lactic acid) electrospun nanocomposite fibers as potential scaffolds for bone
tissue engineering. Mater. Sci. Eng. C 49, 463-471. doi:10.1016/j.msec.2015.01.024

Zhou, C. ], Shi, Q. F., Guo, W. H,, Terrell, L., Qureshi, A. T., Hayes, D. J., et al.
(2013). Electrospun bio-nanocomposite scaffolds for bone tissue engineering by
cellulose nanocrystals reinforcing maleic anhydride grafted PLA. ACS Appl. Mat.
Interfaces 5 (9), 3847-3854. doi:10.1021/am4005072

Zhu, H. L., Luo, W, Ciesielski, P. N., Fang, Z. Q., Zhu, J. Y., Henriksson, G.,
et al. (2016). Wood-derived materials for green electronics, biological devices,
and energy applications. Chem. Rev. 116 (16), 9305-9374. do0i:10.1021/acs.
chemrev.6b00225

frontiersin.org


https://doi.org/10.1039/c5tb01144b
https://doi.org/10.1016/j.chemosphere.2021.132529
https://doi.org/10.1016/j.apmt.2018.01.004
https://doi.org/10.1016/j.apmt.2018.01.004
https://doi.org/10.1016/B978-0-323-42865-1.00008-8
https://doi.org/10.1016/B978-0-323-42865-1.00008-8
https://doi.org/10.1016/j.biomaterials.2005.07.025
https://doi.org/10.1021/bm101103p
https://doi.org/10.1007/s10570-016-0986-y
https://doi.org/10.1007/s10570-016-0986-y
https://doi.org/10.1039/c5ra26704h
https://doi.org/10.1186/s40643-021-00377-3
https://doi.org/10.1177/0885328213486527
https://doi.org/10.1016/j.ijbiomac.2019.03.240
https://doi.org/10.1016/j.msec.2009.10.006
https://doi.org/10.1016/j.msec.2009.10.006
https://doi.org/10.1016/j.jconrel.2013.07.032
https://doi.org/10.1016/j.jconrel.2013.07.032
https://doi.org/10.1177/20417314211028574
https://doi.org/10.3390/molecules26041030
https://doi.org/10.3390/molecules26041030
https://doi.org/10.1016/j.carbpol.2016.06.011
https://doi.org/10.1002/adma.202000717
https://doi.org/10.1016/j.actbio.2012.12.022
https://doi.org/10.1016/j.actbio.2012.12.022
https://doi.org/10.1016/j.msec.2015.01.024
https://doi.org/10.1021/am4005072
https://doi.org/10.1021/acs.chemrev.6b00225
https://doi.org/10.1021/acs.chemrev.6b00225
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.993711

	Modifications of cellulose-based biomaterials for biomedical applications
	Introduction
	Modifications in the synthesis of cellulose-based biomaterials
	Modifications by physical or mechanical processes
	Modifications by chemical alteration

	Modifications of cellulose-based biomaterials for biomedical applications
	Drug delivery
	Skin and wound dressings
	Bone tissue engineering
	Nerve tissue repair and growth factor delivery
	Ophthalmic tissue repair
	Oral tissue repair
	Artificial blood vessels

	Prospectus
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


