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With the development of sustainable materials, biomass-derived fiber materials have
attracted significant research interest because of their excellent performance, cost-
effectiveness, and environmental friendliness. Following their extensive use in
biomedical applications, biomass-derived fiber materials are now increasingly
used in antibacterial skin-wound dressings, bone tissue engineering, drug
delivery, etc. However, their practical medical applications are still in their infancy,
requiring some reference and strategic directions for the future clinical applications
of biomaterials in medicine and cross-discipline use, some of which are provided in
this review. The sources and characteristics of the different biomass-derived fibers
are introduced briefly, encompassing polysaccharide fiber and protein fiber’s two
categories. Then, we summarize the common applications of biomass and its derived
fibers in the medical field in recent years. Finally, we discuss the application and
advantages of three-dimensional printing technology combined with biomass-
derived materials in modern medicine for a better understanding of the practical
applications of biomass-derived fiber materials.
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1 Introduction

Polymers extracted from traditional petroleum materials have significantly promoted the
development of modern life. However, petroleum-derived polymers cause environmental
pollution and are non-renewable. Green chemistry makes chemical reactions and processes
more environment-friendly (Pleissner and Kummerer, 2020). Over the past few years,
renewable resources have provided an opportunity for the sustainable development of
function by allowing us to use biomass materials in our daily lives (Srivastava et al., 2021).
Biomass materials without chemical modification are mainly composed of carbon, hydrogen,
and oxygen and are degraded easily by natural microorganisms into water, carbon dioxide, and
other small molecules, which means their products can reenter the natural cycle. Therefore,
advanced green biomass fibers, such as lignin-based carbon fibers and nanofibers, which are
based on renewable resources, have great potential as sustainable composites (Venkata Mohan
et al., 2016).

The sources of biomass materials are abundant and widely distributed. Biomass-derived
materials mainly include polysaccharide fiber materials, such as cellulose, chitin, starch, sodium
alginate, pectin, hyaluronic acid (HA), etc., and protein fiber materials, such as silk fibroin,
collagen, corn protein, and soy protein. At present, biomass-derived fiber materials have been
used in environmental protection (Hassan and Carr, 2021), biosensor sensors (Liedel, 2020),
photocatalysts (Son et al., 2021), and others applications. Indeed, as long as specific quality
measures are satisfied, biomass-derived fiber materials are promising candidates for the
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biomedical field. The applications of biomass-derived fibers have,
recently, been extended from antibacterial skin-wound dressings to
bone tissue engineering, artificial blood vessels, drug-sustained release,
and other areas, because of their excellent biodegradability, non-
toxicity, renewability, and polymer chemical reaction. For example,
Huang et al. prepared injectable hydrogels for the treatment of deep
burn wounds by mixing modified cellulose nanofibers with
carboxymethyl chitosan (CS) (Huang et al., 2018). Kawata et al.
demonstrated that calcium phosphate/chitin nanofiber hydrogels
could promote the formation of calcium phosphate crystals, which
can improve the mechanical properties of scaffolds according to
mineralization time (Kawata et al., 2016). Additionally, with the
development of three-dimensional (3D) printing technology in
biomass-derived materials, the development of multiscale,
multilateral, and multifunctional structures for biomedical products
will be a trend in the future. Huang et al. fabricated a lung tissue
scaffold with 10 layers with high shape fidelity and fiber alignment via
3D printing technology (Huang et al., 2021); Tsukamoto et al
developed 3D cardiac scaffolds with an oriented structure, which
possess better contractile properties and orientation-controlled
structure (Tsukamoto et al., 2020); Sun et al prepared a 3D printed
collagen/chitosan scaffold to ameliorate axon regeneration and
neurological recovery after spinal cord injury (Sun et al., 2019).
With the development of 3D printing technology, biomass-derived
materials will be more suitable for the treatment of fine structures and
complex tissues in the future.

In this review, we attempt to provide readers with an overview of
the sources and characteristics of different biomass-derived fibers and

a comprehensive study of the common applications of biomass and
their derived fibers in the medical field in recent years. Moreover, we
put special emphasis on the applications of biomass-derived fibers as
bioinks for 3D printing and on the advantages that 3D printing
technology combined with biomass-derived materials can bring to
modern medicine, such as in tissue engineering, wound healing, and
organoids. To reach the target property of 3D-printed biomass-
derived materials, it is important to understand their composition
and material characteristics. Overall, biomass-derived fiber materials
are promising candidates for the commercialization of medical
materials, and we expect the points shared in this review to give an
impetus to further exploration of biomass-derived fiber materials for
biomedical applications.

2 Source and composition of biomass-
derived materials

2.1 Polysaccharide fiber materials

Polysaccharides originate from plants, animals, and
microorganisms, and are abundant in the biological world with a
wide range of functional and structural features. Polysaccharide fiber
materials mainly include cellulose, chitin, starch, sodium alginate,
pectin, and HA. They have been widely applied in various fields,
including food, medicine, pharmaceuticals, energy components,
cosmetics, packaging, dyes and pigments, antimicrobials, and water
treatment (Akshay Kumar et al., 2021).

GRAPHICAL ABSTRACT
Schema of biomass-derived fiber materials (cellulose, chitin, alginate, silk fibroin, collagen, hyaluronic acid, etc.,) for biomedical applications, such as
antibacterial skin-wound dressings, tissue engineering, and drug delivery.
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2.1.1 Cellulose
Cellulose, the main component of lignocellulosic biomass, is the

most abundant natural polymer on earth. The annual global
production of cellulose is approximately 75–100 billion tons (Du
et al., 2019). Cellulose, a large molecular polysaccharide consisting
of glucose, is synthesized in nature as a single molecule with linear
chains of glucose-based residues, which self-assemble at biosynthetic
sites. Approximately 30 individual cellulose molecules are assembled
into fibrils, which are packaged into larger microfibrils, which in turn
are assembled into cellulose fibers. The constituent molecules of
individual microfibrils are packed tightly to prevent penetration by
enzymes and small molecules such as water (Khalid et al., 2017).
Therefore, cellulose is insoluble in water and organic solvents. The
main sources of cellulose are wood pulp, dissolving wood pulp, cotton,
cotton staples, and other fiber pulps. Cellulose derived from plants and
bacteria exists in the form of cellulose nanofibers, nanoparticles,
hydrogels, and aerogels. Cellulose has attracted increasing attention
in the field of biomedical materials owing to its biocompatibility,
biodegradability, renewability, environmental friendliness, and non-
toxicity.

2.1.2 Chitin and chitosan
Chitin is the second most common polymer on earth after

cellulose and is mainly derived from the exoskeletons of insects
and marine crustaceans. In its native state, chitin occurs as ordered
crystalline microfibers that form structural components in the
exoskeletons of arthropods or the cell walls of fungi and yeast.
Until now, the main commercial sources of chitin have been crab
and shrimp shells. In industrial processes, chitin is extracted by
dissolving calcium carbonate with an acid treatment and then
dissolving the protein in an alkaline solution. Hence, chitin exhibits
a high degree of thermodynamic stability. The poor solubility of chitin
in solvent extraction makes the extraction process difficult and
laborious (Zhang et al., 2021). With advances in technology and a
better understanding of its physiological and biological properties,
chitin can be deacetylated and converted into chitosan (CS), a water-
soluble polysaccharide (El Knidri et al., 2018). Nanomaterials based
on chitin and its derivatives are frequently used in biomedical fields,
such as in hemostasis, wound healing, antimicrobial agents, cell
culture, tissue regeneration, and skin protection, owing to their
unique biocompatibility, biodegradability, non-toxicity, metal ion
chelation, and antimicrobial properties (Liu et al., 2019a; Ahmad
et al., 2020).

2.1.3 Sodium alginate
Alginate is a biopolymer commonly obtained from brown algae

(Cyanobacteria, Alginidae) and bacteria (Azotobacter vineyard and
Pseudomonas genus species) and it belongs to the polycationic
copolymer family (Ling et al., 2019; Kothale et al., 2020). Alginate
is a hydrophilic polysaccharide composed of linear copolymers
containing (1,4) -linked β-d-mannouronic acid (M) and α-l-galonic
acid (G) residues. The proportion of MM, GG, and MG blocks has a
decisive influence on the physical properties of alginate (Sanchez-
Ballester et al., 2021). Alginate has been used in the food and
cosmetic industries as a thickener or viscosity increaser, owing to
its viscosity, biodegradability, and non-toxicity (Kontominas,
2020). Ling et al. reported that alginate-CS microspheres could
prevent coated drugs from damaging the reticulum endothelial
system (Ling et al., 2019). Moreover, alginate has good

biocompatibility, low cost, ease of gelation, inertness, chemical
compatibility, derivatives of natural sources, and easily available
and feasible synthesis methods with several attractive properties,
making it the biopolymer most widely applied in wound dressings,
bone regeneration, new angiogenesis, protein delivery, cell
delivery, therapeutic agents, oral drug delivery, and controlled
release systems (Dhamecha et al., 2019).

2.1.4 Hyaluronic acid
HA, a non-sulfated anionic polysaccharide, is widely present in the

human body and is essential for many cellular and tissue functions.
HA is a non-sulfated glycosaminoglycan consisting of repeated
D-glucuronic acid polymeric disaccharides linked by glycosidic
bonds in an arrangement of alternating β-(1→4) and β-(1→3)
bonds. The HA structure has a remarkable ability to retain/
capture approximately 1000 times its weight in water (Bukhari
et al., 2018). HA is a sulfate-free glycosaminoglycan found
throughout the body, from the vitreous of the eye to the
extracellular stroma of cartilage tissue. HA can be degraded by
hyaluronidase in the body; therefore, its half-life is a few hours to
days (Burdick and Prestwich, 2011). HA can be modified into HA-
derivatives (thiol-modified HA, haloacetate-modified HA,
hydrazide-modified HA, aldehyde-modified HA, and aldehyde-
modified HA) according to the properties of the resulting
material. HA and its derivatives have been used clinically for
more than three decades (Peptu and Kowalczuk, 2018). Owing
to its abundance in animals and humans, its biodegradability, non-
toxicity, biocompatibility, non-immunogenicity, and non-
inflammatory properties, it can be used for skin repair, cancer
diagnosis, wound healing, tissue regeneration, anti-inflammatory
purposes, and immune regulation. (Burdick and Prestwich, 2011;
Tiwari and Bahadur, 2019).

2.2 Protein fiber materials

Natural protein fiber materials exhibit enhanced biocompatibility,
bioactivity, and biodegradability. Because of their excellent
biodegradability and biocompatibility, these proteins (collagen, silk,
gelatin, soy protein, keratin, elastin, zein, and soy) are mostly used in
the medical field in stents, sutures, wound healing, ligament
replacement, and drug delivery. Compared with other natural
biomaterials, they can support increased cell migration and
proliferation.

2.2.1 Silk fibroin protein
Silk fibroin (SF) is present in the glands of filament-producing

arthropods, including silkworms, spiders, scorpions, mites, and bees,
and is spun into fibers during metamorphosis. Silk has a large
molecular weight (200–350 kDa or higher) and a large repetitive
modular hydrophobic domain, which is interrupted by small
hydrophilic groups. The N- and C-termini of the SF are highly
preserved. The SF protein consists of a heavy chain (H) and a light
chain (L) linked by disulfide bonds. The H chain has a hydrophobic
domain, and the L chain is hydrophilic and relatively elastic. The ratio
of H to L determines the mechanical properties, bioactivity, and
degradation behavior of SF (Kundu et al., 2013). The extraction of
silk protein usually requires the addition of a variety of concentrated
salt solutions, such as lithium bromide, calcium chloride/ethanol/
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water, lithium chloride, or ionic liquids, under heated conditions. The
low immunogenicity and antigenicity of SF rarely cause wound
infections. Biodegradability and bio-absorbability materials are
promising substitutes for many human protein (Kundu et al.,
2013). Degummed filament silk fibers can form a variety of twisted
structures, including membranes, hydrogels, 3D porous scaffolds, and
particles, for use in vascular, skin, bone, cartilage, ligament, tendon,
neural, and cardiac tissue regeneration (Yao et al., 2022).

2.2.2 Collagen and gelatin
Collagen is widely distributed in connective tissues throughout the

body. The synthesis of natural collagen is complex and involves several
biological processes in vivo. The processing property of collagen is an
elegant structural motif in which three parallel polypeptide chains
interact with each other in a left-handed polyproline type II (PPII)
helical conformation coil, forming a single-residue right-handed triple
helix. The abundant amide-amide hydrogen bonds in the triple helix
structure give collagen strong thermal stability, mechanical strength,
and the ability to interact with other biomolecules, making collagen an
important structure for animal scaffolds (Shoulders and Raines, 2009).
As a protein from mammals, collagen has advantages, such as an
abundant source, rich biocompatibility, easy processing,
hydrophilicity, low antigenicity, and being easily absorbable by the
body (Sorushanova et al., 2019). Collagen has been used in leather,
food, medicine, and photography. In the medical field, collagen
scaffolds can serve as artificial skin, bones, tendons, and cartilage.
Moreover, collagen can function as a carrier for drugs and growth
factors. However, poor physicochemical properties of collagen, such as
thermal stability, mechanical strength, and enzyme resistance, are
often required to bind other synthetic polymers (polylactic acid) in
bone regeneration (Liu X. et al., 2019).

Gelatin is a natural polymer with a molecular weight between
15 and 250 kDa that is hydrolyzed and degraded by collagen. Gelatin
can be obtained from cow bones, fish, pig skin, and some insects
through alkaline hydrolysis or acid hydrolysis (Campbell and
Hotchkiss, 2017). Its unique amino acid structure gives it a variety
of medical benefits: (1) It is highly soluble; (2) It contains important
binding parts for cell attachment; (3) It is biodegradable and non-toxic
to cells. However, for biological materials, gelatin has some drawbacks.

The main disadvantages of gelatin-based materials are poor
mechanical properties, poor thermal stability, and a relatively short
degradation rate (Bello et al., 2020). Gelatin is used in various areas,
such as personal care products, pharmaceuticals, photography,
nutraceuticals, food and liquid snacks (dessert courses, dairy
products, liquid snacks, poultry and meat products, and
confectionery) among others (Campbell and Hotchkiss, 2017).

2.2.3 Soy protein
SF, collagen, and gelatin are examples of animal protein used in

biomedicine. Soy globulin, the main plant protein, is the main protein
in soy. Soy protein has a variety of functional physicochemical
properties for food applications, such as emulsification, foaming,
gel, water, and fat absorption (Jahangirian et al., 2019). Soy protein
isolate is used with other materials as a coating for protection or for
physical or chemical surface modification (Hadzieva et al., 2017). In
recent years, soy protein has been gradually applied to the medical
field, as it can be prepared into hydrogels, micro and nanoparticles,
fibers, and porous structures, suitable for different medical
applications, such as tissue engineering, drug delivery, etc. Plant-
derived proteins have a lower immunogenic potential than animal
proteins, are easy to process, are certainly less likely to transmit disease
and are relatively inexpensive. In addition, they have relatively low
molecular weight and exhibit greater polarity (Mohammadinejad
et al., 2016). With the emergence of new technologies and the
improvement of the function of these protein materials, there will
be more opportunities for effective disease treatment in the future.

3 Biomass-derived fiber materials for
biomedical applications

3.1 Antibacterial fiber

CS can resist various microbes, including bacteria, molds, and
yeasts. The main reason for this is that the negative surface charge of
the bacteria interacts with the positively charged amino group of CS,
resulting in a change in cell permeability and disruption of the cell
membrane (Matica et al., 2019). Another mechanism is that CS

TABLE 1 Different bacteria reduction rates of CS-derived fibers.

Composition Bacteria Bacteria inhibition rate References

CS S. aureus and E. coli bacteria 99.2% and 95.6% Li J et al. (2020)

CS/alginate fibers S. aureus (MSSA and CA-MRSA) 83.47%–100%; and 76.26%–100% Dumont et al.
(2018)

CS/gallnut tannins fiber S. aureus and Candida albicans 99.7% and 35% Zhu et al. (2019)

Oxidized CS-grafted cashmere fibers S. aureus and E. coli bacteria 90.4%–94.4% and 85.2%–91.8% Li Z et al. (2020)

CS/tannic acid LBL Cellulose acetate
fibers

S. aureus and E. coli bacteria 99% and 86% Huang L et al.
(2019)

CS/Oregano essential oil/PCL S. aureus and L. monocytogenes and S. enteritidis and
E. coli bacteria

52.72 ± 1.01% and 41.06 ± 3.12% and 49.37 ± 1.78% and
40.47 ± 3.36%

Augustine et al.
(2020)

CS/PVA fibers S. aureus and E. coli bacteria 67.4% and 58.9% Wang et al. (2020)

HKUST-1/CS/PVA fibers S. aureus and E. coli bacteria 99.0% and 99.0% Wang et al. (2020)

SDS-nanoTiO2/CS S. aureus and E. coli bacteria 85.8% and 54.8% Bao et al. (2019)
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hydrolysis products can interact with microbial DNA, thereby
disturbing mRNA, and protein synthesis (Romanazzi et al., 2018).
Finally, CS can chelate metal ions (Ni2+, Zn2+, Co2+, Fe2+, and Cu2+),
which are essential nutrients for bacteria (Hosseinnejad and Jafari,
2016). CS of different molecular weights have different antibacterial
effects. CS with a low molecular weight can pass through the
cytomembrane and combine with the cell nucleus. However, CS
with a high molecular weight can adhere to bacteria and disrupt
nutrient transport (Yuan et al., 2020). Unfortunately, their poor
mechanical characteristics and water sensitivity have severely
restricted their application.

CS fibers are the most widely used form of CS material to improve
their mechanical properties. Currently, CS fibers are mainly fabricated
with various polymers, such as PVA, PEO, and PCL, to function as
antibacterial agents in wound healing, tissue repair, and regeneration
(Guo et al., 2020; Wang et al., 2020). Zhu et al. prepared CS/gallnut
tannin fibers via blended solution spinning; the results showed that it
significantly improved the lower hydrophilicity and higher dry and
wet breaking strengths. In addition, the antimicrobial properties
increased from 49% to 99.7% (Zhu et al., 2019). The different
bacterial inhibition rates of CS-derived fibers in recent years are
displayed in Table 1. Generally, the inhibition efficiency of CS-
derived fibers against S. aureus was superior to that of E. coli.

Guo et al. prepared coaxial electrospun nanofibrous mats with CS/
PEO as the shell and PCL as the core. After 48 h of incubation, the
mats exhibited excellent antibacterial performance against E. coli and
S. aureus (Guo et al., 2020). Wang et al. fabricated HKUST-1/CS/PVA
fibers for application in wound healing processes against E. coli and S.
aureus with 99% antibacterial efficiency (Wang et al., 2020).
Antifungal activity against C. albicans, C. glabrata, and S. cerevisiae
(Verlee et al., 2017) has been recently discovered. Antifungal
properties are related to molecular weight (MW). Low MW
(LMW) CS (17.4 kDa) is more likely to inhibit the mycelial growth
of R. stolonifera (Hernandez-Lauzardo et al., 2008), whereas high MW
(HMW) CS (350 kDa) is more effective for spore germination and
mycelial growth of A. kikuchiana (Meng et al., 2010). Compared with
the HMW CS, the LWH CS can penetrate the fungal cell wall more
easily.

3.2 Skin-wound dressings

Globally, wound dressings, as skin tissue engineering materials,
have drawn considerable attention from scientists and clinicians.
However, traditional dressings, including gauze, lint, cotton wool,
and bandages, are often easily dried and adhere to the skin, causing
wound pain and discomfort (Khalid et al., 2017). In addition,
conventional dressings often cannot resist bacterial infections and
provide sufficient tensile strength. Moreover, their single function in
wound healing cannot fulfill the requirements of complex wounds,
such as infected wounds and diabetic chronic wounds (Mostafalu
et al., 2017; Chen et al., 2018). An ideal wound dressing can: (1)
provide a moist environment, (2) remove the exudate, (3) possess air
permeability, and (4) possess antibacterial properties. Currently,
natural biopolymeric fibers show considerable potential as wound
dressing candidates because of their excellent moisture retention, high
sorption capacity, outstanding biodegradability, and appropriate
mechanical properties (Xi et al., 2018; Homaeigohar and
Boccaccini, 2020; Xi et al., 2020). Biomass-derived fibers mainly

originate from naturally occurring polymers, such as cellulose, HA,
chitin/CS, collagen, and SF.

Cellulose has been extensively investigated for tissue regeneration
by mimicking the extracellular matrix (ECM) structure. Compared
with commercial wound dressings, cellulose-fiber dressings are
equipped with more advantages, including (1) maintaining a moist
environment at the wound site to relieve pain; (2) promoting
granulation tissues and re-epithelialization formation, and
diminishing scar formation; (3) being equipped with good molding
and mechanical properties to meet the requirements of complex
wound healing (burns and chronic ulcers, damaged tissues, etc.);
(4) protection of the wound against bacterial infection (Luo et al.,
2021); and (5) excellent light transmittance and high porosity to speed
up wound healing (Xia et al., 2020). Cellulose-fiber dressings can be
multi-functionalized by incorporating other biopolymers, such as
enzymes, collagen, CS, hormones, and gallic acid (Li et al., 2019;
Wutticharoenmongkol et al., 2019). For instance, Xia et al. fabricated
transparent wound dressings using porous cellulose fibers coated with
CS, enabling visualization of wound healing (Xia et al., 2020).
However, the special functions of cellulose fibers at different stages
of wound healing, such as inflammation, proliferation, and
remodeling, should be further investigated in subsequent studies.
Hamid et al. prepared PVA/CS/silk sericin/tetracycline porous
fibers possessing hygroscopic properties, antibacterial activity, and
biocompatibility in vivo and in vitro (Bakhsheshi-Rad et al., 2020).

HA is a promising biopolymer for biomedical applications,
especially wound dressings. The rich carboxyl and hydroxyl groups
of the HA structure provide it with a highly hydrophilic character that
facilitates cell adhesion and wound healing. Moreover, HA can
encourage hemostasis, prompt collagen deposition and fibrosis,
regulate inflammation balance, and promote re-epithelialization via
the enzymatic reaction of hyaluronidase and chemical interaction
(Zhu et al., 2017; Xia et al., 2020). The pivotal role of HA-fiber dressing
in wound healing is in the inflammation phase (Graca et al., 2020). HA
can facilitate the recruitment of neutrophils to eliminate debris and
dead tissues and subsequently release cytokines, such as TNF-a, IL-1b,
and IL-8, which are involved in the inflammatory response
(Tavianatou et al., 2019). HA with a high molecular weight
(HMW-HA, >1 × 106 Da) is fragmented to low molecular weight
(LMW-HA, 1–25 × 104 Da), recruiting leukocytes and monocytes into
the wound site. Finally, the cell surface receptors (TLR2 and TLR4) of
these cells interact with LMW-HA to promote the expression of these
cytokines, further cascading amplification effects (Zamboni et al.,
2018; Tavianatou et al., 2019). However, the mechanical stability of
HA-fiber dressings is a significant challenge. To date, the
characteristics of HA-fiber dressings have been constantly
developed through the incorporation of biomacromolecules and
chemical modification to be widely applied in the clinic, for
example, the HylaSponge® System (Mahedia et al., 2016),
Hyalomatrix® (Longinotti, 2014), and Hyalosafe® (Longinotti,
2014). Moreover, HA-fibers advance into differently structured
dressings (sponges, films, hydrogels, and electrospun membranes)
with natural and synthetic biomolecules, such as PCL, PLGA, collagen,
SF, and CS (Zhou et al., 2016; Graca et al., 2020). In the future, HA-
fiber dressings with multiple functions will likely be developed.

Chitin is often insoluble in common solvents; thus, it is usually
deacetylated to CS in an alkaline environment by dissolving it in
organic acids, such as dilute aqueous formic, acetic, and lactic acids. In
the early stages of wound healing, CS can induce polymorphonuclear
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neutrophils to migrate to the wound area, leading to the formation of
granulation tissues. In the late phase of the wound healing process, CS
can promote the re-epithelialization and regeneration of the granular
layer of skin, facilitating collagen synthesis and fibrosis formation
(Alven and Aderibigbe, 2020). In addition, positive results of CS on the
activation of microphases have been reported (Simoes et al., 2018).
One amino group and two hydroxyl groups of CS can interact with
different materials, including polyethylene oxide, PVA, and collagen,
to fabricate nanofibers, nanoparticles, sponges, and hydrogels. Among
these forms, CS-fiber is the major form because of its easy formability
and appropriate mechanistic properties.

Collagen possesses excellent biocompatibility, which promotes
human keratinocyte and epidermal cell proliferation,
differentiation, and migration, thus favoring the recovery of skin
wounds. However, the drawback of collagen-fiber dressing is that it
is often derived from animal sources (bovine, porcine, and avian) and
may stimulate an immunological response and transfer pathogens to
the host tissues. In addition, the stability of the poll mechanism and
the fast degradation rate of collagen are the challenges of bio-
utilization in vivo (Alven and Aderibigbe, 2020). More importantly,
the difficulty in collagen extraction and purification limits its wide
application.

SF has drawn great attention from scientists and clinicians owing
to its abundance, low immunogenicity, slow degradation, high water
content, and oxygen uptake. Moreover, good mechanical properties,
such as breaking elongation (15%) and elasticity (>30%), are beneficial
for elastic fibers in vivo (Mehrotra et al., 2019). The high solubility of
SF makes it suitable for processing different structures, including
electrospun nanofibers, films, hydrogels, and sponges (Yuan et al.,
2020). Evidence has shown that the arginine-glycine-aspartic acid

motifs of SF can alleviate attachment to the integrin receptor, thus
accelerating the wound-healing process (Gupta et al., 2015). At
present, SF optimally reduces the time of wound recovery,
minimizes the formation of scarring, and alleviates atopic
dermatitis in vitro and in vivo, laying the foundation for SF as a
promising alternative option for wound dressing (Tu et al., 2019).
More detailed information of SF in wound dressings can be found in a
published review (Farokhi et al., 2018). Biomass materials, such as
cellulose, HA, chitin, collagen, and SF, can be fabricated into
nanofibers and hydrogels by fusing other polymer materials, and
can be effectively applied to skin-wound repair (Figure 1).

3.3 Tissue engineering

Bone and cartilage tissue compose the skeleton and provide
protection for the whole body. Currently, the main therapeutic
methods for bone defects are autogenous and allogenous bone
transplantation and metal implants. However, limited donor
tissues, potential infection, and immune rejection rate sharply
restrict the implications of traditional grafts. Rapid developments
in tissue engineering and regenerative medicine have made bone
defect repair and regeneration possible. An ideal bone repair
scaffold should have the following characteristics: (1) stable
mechanical properties, (2) excellent biocompatibility and
degradability, (3) beneficial for the delivery of osteoprogenitor cells
or/and growth factors (Bhattacharjee et al., 2017); and (4) appropriate
porosity (100–710 μm) (Przekora, 2019).

Bone is mainly composed of macromolecules, such as collagen,
osteocalcin, osteonectin, hyaluronan, and proteoglycans, and of

FIGURE 1
Schema of biomass-derived fibers for skin-wound dressings. (A) Biomass material and their corresponding structural formulas. (B) Schema of Biomass-
derived fiber mats via electrostatic spinning used for the repair of skin wounds. (C) Schema of Biomass-derived fiber hydrogels for the repair of skin wounds.
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hydroxyapatite (Roseti et al., 2017). Biopolymeric nanofibers can
mimic the bone ECM, where the cell can interact with the
nanostructure surface of the material and rapidly grow. Chitin and
CS, similar to the ECM, can be degraded into small molecular amino
acids and polysaccharides in vivo, and have been processed into
different structures, such as nanofibers, hydrogels, and aerogels for
application in bone tissue repair and regeneration. Chitin/CS-fiber
scaffolds and calcium phosphate/chitin hydrogels have been shown to
facilitate the repair of bone defects without an inflammatory response
in vivo (Gupta et al., 2015). Moreover, Chitin and CS can be dissolved
in acidic solvents with other polymers, such as PCL, PLA, and nylon 6,
to change their mechanical performance and biological properties.
Research has shown that the functionmechanism of chitin/CS is that it
can activate osteogenesis-related signaling pathways, Runx2, BMP-2,
BMP-4, and collagen-1, and facilitate the expression of alkaline
phosphatase (ALP) (early biomineralization marker) and
osteointegration relative protein, which contributes to
mineralization and bone regeneration (Liu et al., 2013). Overall,
chitin/CS-fiber scaffolds mainly affect bone regeneration
engineering by promoting cell growth and osteogenic
differentiation, accelerating angiogenesis of mineralized bone tissue,
and promoting drug delivery. Apart from Chitin and CS, alginate has
shown great potential in bone tissue engineering owing to its good
biocompatibility, biodegradation, and size handling. In addition,
alginate nanofiber blended with calcium phosphate cement can
activate osteoblastic cell immobilization, proliferation, and
differentiation (Jayachandran et al., 2022). Alginate scaffolds can
promote human umbilical cord mesenchymal stem cell
differentiation, and express ALP and osteosarcoma-associated
proteins (Su et al., 2021). Alginate saline gel has strong gelling
ability, low toxicity, high availability, and low cost, characteristics
that make it the most commonmaterial in bone tissue engineering and
bio-printing.

Proteins with non-toxicity, biodegradability, and
biocompatibility make them an alternative to bone, ligaments,
and cartilage. Owing to swelling in vivo, collagen must cross-
link with other polymers (CaPs) to overcome its disadvantages
and poor mechanical and dimensional stability (Bao et al., 2020).

The nature of the robust elastic property of SF protein corresponds
with the robust mechanical strength of the bone. A group of SF
surfaces, such as -OH, -COOH, and -N-H, can provide sites for
hydroxyapatite (Kundu et al., 2012), and then the hydroxyapatite is
mineralized to form bone under certain conditions. Typically, SF
can guide calcium phosphate formation and promote the
deposition of osteoblasts along nanofibers to produce a new
matrix. More importantly, the degradation rate of SF is
6–12 months in vivo, which is helpful for the repair of bone
defects, and the degradation products of SF (glycine and
alanine) can be reused as templates for neo-protein synthesis.
Therefore, SF does not often stimulate excessive inflammatory
reactions. Moreover, SF-chitin hybrid nanofiber/TGF-β1-
functionalized scaffolds displayed a significant effect on
chondrocyte proliferation, difference, and adhesion in vivo and
in vitro (Cheng et al., 2021). Cheng et al developed core-shell SF/
PCL/PVAmats by loading a controlled release system of BMP2 and
CTGF using layer-by-layer techniques. Its positive effects on bone
tissue repair and healing were confirmed in vitro and in vivo
(Cheng et al., 2019). SF has been manufactured in a variety of
forms, including films, artificial fibers, sponges, and hydrogels,
which have been successfully deployed in a variety of tissue
engineering applications (Sun et al., 2021). In the future, the
fabrication by 3D bioprinting of nanoscale SF multi-level
structures with high structural resolutions will make the
application of SF more popular.

3.4 Drug delivery

Cancer, as one of the world’s biggest challenges, causes enormous
medical and financial burdens. Traditionally, cancer therapy has
included surgery, radiation, and chemotherapy. However, these
treatments can easily cause systemic adverse reactions while killing
the tumors. Progress has been made through biomaterial-based
implantable drug delivery in cancer therapy (Yadav et al., 2021).
The ideal drug delivery includes the following features: (1) local
drug delivery (the drug is released directly into the tumor, thus

FIGURE 2
Schema of biomass-derived fibers for drug delivery. The drugs and biomass materials are made into porous nanofiber mats by coaxial electrospinning.
The mats are transferred into the tumor areas of patients with breast cancer, etc. The drugs are released gradually, and the drugs inhibit tumor growth, while
the biomass materials can be degraded naturally.
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sharply reducing the drug dose and side effects of the drug); (2)
sustained drug release (the drug should avoid abrupt drug release and
maintain function concentration for a longer period); and (3) drug
stability (the drug-delivery system should preserve the loaded drug to
avoid degradation and removal by enzymes or other media in vivo
before it is released) (Bastiancich et al., 2016; Conde et al., 2016;
Talebian et al., 2018).

Cellulose is a natural and promising material in the biomedical
field owing to its availability and good mechanical properties. Its
notable mechanical characteristics, water solubility, hydrolytic
stability, and natural biocompatibility facilitate its biomedical
application. It has been produced on electrospun fibers coated with

four model drugs (naproxen, indomethacin, ibuprofen, and sulindac)
(Tungprapa et al., 2007). However, this treatment has the risk of
causing initial burst release; thus, different modified strategies have
been developed, including the application of tri-axial electrospinning
(Yang et al., 2019), increasing the surface hydrophobicity of drug
carriers, and increasing porosity (Chen et al., 2020). Cellulose sulfate is
an ester or cellulose sulfated from cellulose. Compared to natural
cellulose, its antimicrobial properties and solubility are greatly
improved. In addition, the excellent film-forming property allows it
to effectively encapsulate drugs (rifampicin and risedronate) (Vehlow
et al., 2016) and cytokines, such as BMP2 (Muller et al., 2018).
Cellulose nitrate, acetate cellulose (Chen et al., 2020),
carboxymethyl cellulose (Chen et al., 2019), ethyl cellulose, and
methyl cellulose are effective carriers for drug delivery (Oprea and
Voicu, 2020). Schematics of biomass-derived fibers for drug delivery
are shown in Figure 2.

4 3D printing of biomass-derived fiber
materials

4.1 From material bionics to structure bionics

Ideal medical biomimicry materials model the complexity and
heterogeneity of these tissues, including the required biological
functions, sufficient strength, and stiffness to maintain structural
integrity, and microscopic porous structures. But, common
nanofibers via traditional process methods, such as electrostatic
spinning, chemical vapor deposition, electrospinning, and solution
blowing, can only still create biomaterials for tissues with relatively
simple structures and compositions, such as skin and bone. However,

FIGURE 3
The proportion of natural biomass materials (red) and polymer in
bioinks.

FIGURE 4
(A) Schema of PLGA scaffold models with collagen-fibrin hydrogel. (B) collagen fibrin hydrogels induce cell differentiation; (C) Effect of collagen fibrin
hydrogels on cell activity and proliferation; (D) Post-implantation H&E staining of collagen fibrin hydrogels. Reproduced with permission (Jiang et al., 2020).
Copyright 2020, Elsevier.
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the fine structure and complex composition of organisms are far
beyond the capabilities of manufacturing technology, which limits
biomimetic research on tissue regeneration. 3D printing has shown
great promise in the design of biomaterials with multiscale,
multilateral, and multifunctional structures (Ashammakhi et al.,
2019; Ng et al., 2019). According to statistics, the proportion of
biomass materials (~85%) in 3D printing is much higher than that
of polymer materials (Khoeini et al., 2021) (Figure 3). Collagen,
accounting for 26%, is the most common 3D-printed biomass
material, which represents the major components of our natural
ECM, providing overall organizational stiffness and integrity with
distinct properties, and functionalities (Lee C et al., 2021). Alginate
(24%) is the second most used biomass material in bioinks, which can
improve the quality of the built (reduced spattering) or printed entity
and the viscosity of the ink (Rastogi and Kandasubramanian, 2019).
HA (11%) stands out for its excellent physical, chemical, and biological
properties, which can provide printing suitability, improve its
mechanical properties and printing with loaded cells, etc. (Ding
et al., 2023). With this technology, biomass-derived materials have
been successfully made into fibers, channels, sheets, coils, meshes, and
porous 3D constructs that mimic tissue components. Rees A et al.
discovered that, via 3D bioprinting, CS was formed into a 3D scaffold
of grid structure with 9 layers, which has open porosity and the
potential to carry and release antimicrobial components (Rees et al.,
2015). Su H et al. fabricated free-standing multifurcated vessels and
complicated vascular networks in heterogeneous porous scaffolds by
3D printing technology (Su et al., 2022). Gupta D et al. prepared a 3D
printed gelatin/carboxymethyl chitin/hydroxyapatite composite
bioactive gel scaffold with a controlled hierarchical structure
(Gupta et al., 2019).

4.2 Advantages of 3D printing of biomass-
derived composite fiber

Biomass-derived materials, including cellulose, lignin, starch,
collagen, alginate, and CS, are the most used materials for 3D
printing. They not only meet the needs of sustainability, but also
reduce the side effects of some synthetic polymers in biomedical
applications, e.g., degradability, recyclability, harmful decomposition
of products, release of additives, and reduced cell attachment (Liu et al.,
2019b). However, the inherent physicochemical properties of some
biomass-derivedmaterials, such as poor stability and adhesion, certainly
pose difficult challenges to their 3D printing application. Hence, mixing
different types of biopolymers with complementary advantages or
combining with other ingredients are alternative methods or
strategies to formulate composite inks with good processability,
printability, mechanics, and bioactivity, and the performance and
function of biomaterial products can also be improved and biomass-
derived applications can be broadened. For instance, by combining
agarose and type I collagen, Kopf,M. et al. developed a hydrogel mixture
capable of coating human umbilic artery smooth muscle cells for a long
time and that could be 3D printed on demand (Kopf et al., 2016). 3D
structure-scaffolds can be prepared by adding methylcellulose into a 3%
alginate solution, providing better printability, and maintaining the
advantage for cell embedding (Schutz et al., 2017). 3D bioprinters can
distribute materials while moving in the X, Y, and Z directions, which
can prepare complex cartilage structures, such as a human ear and sheep
meniscus, with high shape fidelity and printing resolution (Markstedt
et al., 2015). Stiglic et al. developed an organic acid cross-linked 3D-
printed cellulose nanocomposite biological scaffold with controllable
porosity, mechanical strength, and biocompatibility (Stiglic et al., 2022).

TABLE 2 The 3D printing of biomass polysaccharide fiber materials in medical application.

Types Printed samples/structure Function and potential applications References

Cellulose- Poly (ethylene glycol)
diacrylate nanocrystal hydrogels

Human ear construct scaffolds High repeatability, fidelity, and mechanical integrity; reconstructive
surgery of microtia and anotia

Palaganas et al. (2017)

SF-oxidized bacterial cellulose hydrogels Lung tissue scaffolds with 10 layers High shape fidelity and fiber alignment; Lung tissue engineering Huang et al. (2021)

Nanocellulose and alginate hydrogels Human ear and sheep meniscus
scaffolds

High shape fidelity and printing resolution; Cartilage Tissue
Engineering

Markstedt et al.
(2015)

Bacterial cellulose nanofibers/SF/gelatin
composite hydrogels

Human meniscus scaffolds with
hierarchical pores

High shape fidelity and mechanical property; soft tissue reconstruction Huang et al. (2019)

Nano-fibrillated cellulose,
carboxymethyl cellulose, and citric acid

Honeycomb bone trabecular
scaffolds with porous

High-controlled porosity, mechanical strength, and biocompatibility;
Bone tissue engineering applications

Stiglic et al. (2022)

Chitosan hydrogels incorporated with
cellulose nanocrystals

Knee meniscus scaffolds High mechanical properties and biocompatibility; bone tissue
engineering

Maturavongsadit et al.
(2021)

Nano-fibrillated cellulose Long-term stability scaffolds for
cartilaginous tissues

High biosafety and mechanical stability; Cartilaginous tissues
engineering

Apelgren et al. (2021)

Gelatin/chitosan hydrogels Multi-furcated vessels and
heterogeneous porous scaffolds

High physiological stability, mechanical strength, semi-permeability,
hemocompatibility; Vascular network tissue engineering

Su et al. (2022)

Hydroxyapatite, poly (dopamine), and
carboxymethyl CS

Porous scaffolds High mechanical properties and water absorption, photothermal
properties; Anti-tumor and bone repair engineering

Yao et al. (2021)

Fibronectin/gelatin Cardiac scaffolds with an oriented
structure

Better contractile properties and orientation-controlled structure;
Cardiac tissue engineering

Tsukamoto et al.
(2020)

Gelatin/carboxymethyl chitin/
hydroxyapatite composite gel

Honeycomb bone trabeculae High water uptake ratio, cell retention capability, infiltration,
attachment, proliferation; Bone tissue engineering

Gupta et al. (2019)
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4.3 3D printed polysaccharide/protein fiber
materials in medicine application

Biomass-derived materials that are 3D printed can be applied in
bone/articular cartilage defect repair, nerve tissue repair, soft tissue
repair, and other types of repair. Ventola et al. incorporated human
nasal septum chondrocytes into cellulose-alginate composite ink for
3D bioprinting to improve the shape fidelity and stability of
biomedical materials (Ventola, 2014). Jiang et al. developed
multilayer 3D printed scaffolds for rotator cuff tendon regeneration
via combined collagen-fibrin hydrogels (Jiang et al., 2020) (Figure 4).
Yao M et al. prepared HA, poly (dopamine), and carboxymethyl CS
composite scaffolds using 3D printing technology, which had an anti-
osteosarcoma effect and bone repair properties (Yao et al., 2021). Liu
H et al. used 3D printing technology to develop SF/hydroxyapatite/
collagen scaffolds with ideal water absorption and porosity, which
could significantly promote the reconstruction of mandibular defects
(Liu et al., 2022). Those 3D-printed polysaccharide/protein fiber
materials possess high mechanical properties and biocompatibility,
which can be widely applied in bone tissue engineering. Recent
polysaccharide/protein fiber-based 3D printing studies with various
applications regarding the different types of biomass fibers are
summarized in Table 2; Table 3.

5 Conclusion and outlook

With the development of interdisciplinary research between
medicine and bioengineering, emerging research has been devoted
to the application of biomass materials in medicine. Combining the
clinical needs and physical characteristics of biomass-derived fiber
materials, the development of excellent and novel medical materials is

promising for application in a wider range of fields. In general, most
biomass-derived fiber materials contain polysaccharide and protein
fibers from two major sources, which offer excellent antibacterial
properties and a significant recovery function of tissues that contribute
to the development of antibacterial/antibiofilm materials, skin-wound
dressings, tissue engineering, drug-sustained release, and other areas.
Furthermore, the multiscale, multilateral, and multifunctional
structures of biomass-derived fiber materials are available by 3D
printing technology, which has been recognized as an effective and
promising method for preparing biomass-derived fibers, owing to its
advantages in speed, accuracy, and flexibility (Ji et al., 2020).

Meanwhile, 3D printing of biomass-derived fiber materials is also
a promising prospect for drug detection. In past decades, drug
screening and the development of new drugs have often relied on
genetically modified animals as disease models. However, the use of
animal models raises serious ethical issues and brings with it inevitable
limitations in accurately representing human tissues in the
pathophysiological context due to genetic differences (Vanderburgh
et al., 2017). 3D printing of biomass-derived materials can provide
platforms for drug delivery, screening, and development by accurately
depositing biomaterials containing patient-derived cells and
simulating the natural environment of the diseased body. Falcone
G et al. prepared floating ricobendazole delivery systems, which can
prolong gastric retention times (Falcone et al., 2022). Li Q et al.
developed novel gastro-floating tablets with 3D extrusion-based
printing, prolonging the gastric residence time of dipsin and
increasing the drug release rate (Li et al., 2018). As for floating
drug delivery systems, 3D printing of biomass-derived materials
can highly prolong the drug action time, thereby improving
bioavailability, patient compliance, and therapeutic efficacy. In
addition, 3D printing of biomass-derived materials can also serve
as the platform for drug screening and development. Yi et al. prepared

TABLE 3 The 3D printing of biomass protein fiber materials in medical application.

Types Printed samples/structure Function and potential applications References

SF-Gelatin Columnar and porous scaffolds Excellent mechanical properties and degradation rate;
Cartilage Tissue Engineering

Shi et al. (2017)

Collagen/CS Porous scaffolds High mechanical properties and biocompatibility;
Tissue engineering of nerve repair

Sun et al. (2019)

Collagen/SF Multi-layer porous structure scaffolds Optimal biocompatibility, strength, and precise
microarchitecture; Tissue engineering of nerve repair

Li et al. (2021)

Polycaprolactone (PCL)/silk fibroin (SF) Meniscus Extraordinary biomechanical properties and
biocompatibility

Li J et al. (2020)

SF/collagen/hydroxyapatite Irregular resembling mandible and porous scaffolds Show the ideal water absorption and porosity;
Reconstruction of Alveolar Bone Defects

Liu et al. (2022)

SF/collagen/hydroxyapatite biological Round porous scaffolds Show high biocompatibility and excellent mechanical
properties; Cartilage Tissue Engineering

Lee J et al. (2021)

Hydroxyapatite nanocrystals and collagen
fibers

Irregular resembling radius porous and major-size
scaffolds

Enhance angiogenesis, osteogenesis, and
osteointegration; Tissue Engineering for bone defect
repair

Ma et al. (2018)

HA and collagen, or gelatin hydrogel Brain tumor organoids Provide viable and accurate organoids; drug
development-based screening studies and precision
medicine applications

Clark et al.
(2022)

Collagen-based waveform microfibers Waveform fiber-guiding scaffolds Show high biocompatibility and excellent mechanical
properties; Periodontal Ligament Reconstruction

Lin et al. (2021)

hyaluronic acid (HA), Chitosan (CS), silk fibroin.
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a radial oxygen gradient using a 3D gas permeation barrier containing
ECM (glycosaminoglycan and HA) of brain cancer cells and
endothelial cells to generate central hypoxia and simulate an anoxic
environment for drug resistance research (Yi et al., 2019). Clark C et al.
prepared hyaluronan and collagen bioink-supported 3D patient-
derived brain tumor organoids, which can provide viable and
accurate organoids for drug screening and development studies and
precision medicine applications (Clark et al., 2022). Although 3D
printing of biomass-derived materials has great advantages in drug
delivery, screening, and development, its long-term effects and
biosafety in vivo are still uncertain, and, thus, it needs more
clinical studies in the future.

In conclusion, we summarized the common applications of
biomass and its derived fibers in the medical field in recent years
and discussed the application and advantages of 3D printing
technology combined with biomass-derived materials in modern
medicine. Our review may benefit from a better understanding of
practical applications in biomass-derived fiber materials. Overall,
although there have been several successes in vitro and in vivo
trials of biomaterials, none have been processed to the human
testing stage. Therefore, the translational benefits of biomass-based
tissue engineering are still far from being applied to patients. This
applies not only to tissue engineering, drug development, and
organoids but also to other biomedicine fields. Therefore,
translational research is a challenge to overcome in the future.
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