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Tissue engineering and drug delivery have emerged as promising fields that hold the potential to revolutionize modern healthcare.
The widespread use of synthetic polymers in these applications raises concerns about their environmental impact and biocom-
patibility. In response, researchers have shifted their focus toward the development of eco-friendly biopolymers as viable alter-
natives. This review paper aims to comprehensively analyze the progress made in the utilization of biopolymers for tissue
engineering and drug delivery, with an emphasis on their ecological advantages and biomedical performance. The review begins
by exploring the diverse sources of biopolymers, such as proteins, polysaccharides, and nucleic acids, derived from renewable
resources, agricultural waste, etc. The discussion then delves into the unique properties of these biopolymers, including their
biodegradability, nontoxic nature, and potential for controlled drug release. The incorporation of biopolymers in tissue engineering
scaffolds is critically examined. The review also explores the role of biopolymers in the drug delivery systems, with a focus on
nanoparticles, microparticles, hydrogels, and films. The capability of biopolymers to encapsulate and protect therapeutic agents, as
well as their controlled release, is discussed in the context of targeted drug delivery and improved therapeutic outcomes. This paper
highlights the challenges and future perspectives in the field of eco-friendly biopolymers for tissue engineering and drug delivery.
Promising advancements in biofabrication techniques, nanotechnology, and personalized medicine are identified as key drivers for
the rapid translation of these materials into the clinical applications. The development of eco-friendly biopolymers offers a
sustainable and bio-safe alternative to the traditional synthetic polymers in tissue engineering and drug delivery. This compre-
hensive review underscores the crucial role of biopolymers in fostering advancements in regenerative medicine and therapeutic
interventions while prioritizing environmental preservation and human health.

1. Introduction

Green biopolymers have emerged as a potential alternative in
the fields of tissue engineering and medication delivery, provid-
ing ecologically friendly and sustainable solutions [1]. Because
of the growing demand for biocompatible materials, the devel-
opment of biopolymers generated from renewable resources has
received a lot of attention. These green biopolymers are not only
biocompatible, but also have favorable mechanical qualities,
making them appropriate for a variety of biomedical applica-
tions [2]. Furthermore, their synthesis and processing proce-
dures use environmentally friendly methods, reducing the
environmental effect. The purpose of this paper is to investi-
gate the synthesis of green biopolymers for tissue engineering

and drug delivery applications, emphasizing their advantages
over conventional synthetic polymers and emphasizing the
potential of these sustainable biomaterials in advancing regen-
erative medicine and targeted drug delivery systems.

Tissue engineering has made considerable advances in
recent years, with the goal of generating functional and bio-
compatible materials that can replicate the natural extracellular
matrix (ECM) and assist tissue regeneration [3]. Traditional
synthetic polymers, such as polyethylene glycol (PEG) and
poly (lactic-co-glycolic acid) (PLGA), are widely utilized; nev-
ertheless, their synthesis requires the use of nonrenewable
resources and frequently results in the development of harm-
ful byproducts [4]. Green biopolymers derived from natural
sources, including polysaccharides like chitosan, cellulose,
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and alginate, as well as proteins such as collagen and silk
fibroin, offer a sustainable alternative [5]. These biopolymers
may be derived from plentiful and renewable sources such as
plants, animals, and microbes, reducing dependency on fossil
fuels and lowering carbon footprint.

Green biopolymer synthesis is a potential option for tis-
sue engineering and drug delivery applications. Because of
their long-term viability, high biocompatibility, and pro-
gramable qualities, they are attractive candidates for produc-
ing functional biomaterials that stimulate tissue regeneration
and allow controlled drug release. Furthermore, the environ-
mentally friendly synthesis and processing procedures asso-
ciated with green biopolymers help to reduce the ecological
imprint of biomedical research and pave the way for a more
sustainable future in regenerative medicine and tailored
treatments [6]. Polymers should be altered to provide an
acceptable amount of regeneration in order to replicate the
behavior of a tissue. By utilizing synthetic polymers, various
types of additives, and nanoparticles to create biocomposites,
new functions may be added to the biopolymers [7, 8]. To
imitate the architecture and characteristics of bone, hydroxy-
apatite has been introduced to biopolymer-based scaffolds

[9, 10]. To induce stimulation and regulatedmedication release,
magnetic nanoparticles have also been added to chitosan [11].
In order to create a scaffold that can imitate the behavior of
the targeted tissue, it is important to understand the targeted
tissue properties. Evidently, conductive substrates are favored
for engineering brain tissue, but conductive elastomers would
be a superior option for an engineering cardiac tissue [7]. The
conductivity and mechanical characteristics of tissue are shown
in Figure 1.

For example, brain is a soft tissue, whereas the bone is
best known as a hard tissue. Biomaterials selection for such
opposed tissues should be considered in terms of mechanical
strength of biomaterials. From conductivity point of view,
brain has conductivity similar to that of semiconducting
materials. The chemistry of the utilized biomaterial should
also be considered carefully, to make it able to resemble
native extracellular matrix (ECM) needed for required level
of tissue mimicking performance [12].

The primary tissue-specific regeneration processes that
underlie the effectiveness of biopolymers in tissue engineering
are also typically covered. To emphasize the performance win-
dow and other information related to functional biopolymers,

Hydrogel

Insulator

Brain Heart Peripheral
nerve

Skin Tendon Bone

Semiconducting Conducting

Conducting polymers

Conducting oligomer

Brain tissue

Connectivity (S/cm)

Young

Modulus

Pa 103 105 107 109 1011

10–14 10–10 10–5 10–2 102 106

Elastomer Inorganic

FIGURE 1: Comparison of behavior of tissue as a function of the type of biomaterial [12].
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biopolymers produced for various tissue scaffolds, such as
neural, cardiac, skin, and bone, is individually examined. Bio-
composites crafted from natural polymers are of particular
concern, especially in the context of eco-friendly biopolymers
used for tissue engineering and drug delivery.

2. Green Biopolymer Resources

Green biopolymers, which provide environmentally friendly
substitutes for conventional petroleum-based plastics, are
produced by a variety of plants and other natural sources
[13]. Through processing, PLA and other biodegradable
polymers may be made from maize [14]. To lessen depen-
dency on fossil fuels, sugarcane is also used to produce bio-
polymers such poly hydroxyl alkanets (PHA) and bio-based
polyethylene (PE) [15]. Chitin, a biopolymer with several
uses in the domains of packaging and biomedicine, may be
produced from the exoskeletons of crustaceans such as
shrimp and crab, which is another noteworthy source [16].
A plentiful and renewable source of biopolymers is cellulose,
an essential component of plant cell walls. It may be pro-
duced from materials like cellulose acetate and cellulose-
based polymers as well as sources including wood pulp, cot-
ton, hemp, and bamboo [17]. Due to their quick growth and
low-resource needs, algae, and seaweed are gaining popularity
as sustainable biopolymer sources. These marine creatures
may be processed to produce biopolymers like agar, carra-
geenan, and alginate that are used in food packaging, medica-
tions, and biomedical equipment [18, 19]. In addition, some
bacteria, such the strain Escherichia coli, may be genetically
altered to make biopolymers like poly-3-hydroxybutyrate
(PHB), which aids in the creation of bio-based plastics.

Figure 2 shows proteins, neutral polysaccharides, cat-
ionic polysaccharides, microbes, and plants are just a few
of the many sources from which natural renewable biopoly-
mers are produced. Proteins can be obtained from a variety
of sources, including plant seeds, microbes, and animal
byproducts [20]. Cell walls of plants and arthropod exoske-
letons are both rich in neutral polysaccharides like cellulose

and chitin [21]. These polysaccharides can be isolated and
used in a variety of ways. On the other hand, cationic poly-
saccharides have positive charges because they include
amino or ammonium groups [22]. They are derived from
plants, microbes, and marine creatures and employed in
the food, pharmaceutical, and cosmetic sectors [23]. Biopo-
lymers with distinct characteristics can also be produced by
microorganisms like bacteria and fungus [24]. For instance,
several bacterial species generate bacterial cellulose, which
is used in tissue engineering and wound treatments [25].
Table 1 indicates that biopolymers are formed from renew-
able sources, such as chitin, which is present in the exoske-
letons of insects and crustaceans and is a precursor to
chitosan. Plants have a lot of cellulose, which serves as struc-
tural support. Alginate is derived from seaweed and has gel-
ling characteristics [26]. Plants use the starch they acquire
from grains and tubers as a kind of energy storage and due to
their biodegradability, biocompatibility, and nontoxicity, these
biopolymers are suitable for a wide range of applications [27].
They are being usedmore often in a variety of industries, from
biomedical gadgets to sustainable packaging, helping to create
a greener and more ecologically friendly future.

3. Biopolymers Characterization Process

These characterization procedures are critical in understand-
ing and optimizing the characteristics of biopolymers for use
in a variety of sectors, including packaging, textiles, biomed-
ical, and others. The process of determining the physical,
chemical, and structural characteristics of biopolymers com-
prises a variety of methodologies and approaches. Fourier
Transform Infrared Spectroscopy (FTIR) is a regularly used
method that examines the molecular vibrations and func-
tional groups present in the biopolymer, providing informa-
tion on its chemical makeup [35]. The crystalline structure of
biopolymers is studied using X-ray diffraction (XRD), which
provides information on their molecular order and packing
[36]. Scanning electron microscopy (SEM) and Rheology are
used to examine the physical and structural properties of the
biopolymers further [37]. Mechanical testing is important in
the characterization of biopolymers which entails submitting
biopolymer samples to various stresses and evaluating their
responses in order to determine their mechanical character-
istics [38]. Tensile testing, compression testing, bending test-
ing, and shear testing are some popular mechanical testing
methodologies for biopolymers. Tensile testing assesses the
material’s response to stretching pressures, whereas compres-
sion testing assesses its response to the compressive forces.
Bending testing evaluates the biopolymer’s resistance to flex-
ural stress, whereas shear testing evaluates its resistance to
forces applied parallel to its surface. These mechanical tests
give useful information on the biopolymer’s strength, stiffness,
elasticity, and other mechanical characteristics, which aids in
characterization and understanding of its possible uses.

Table 2 clearly illustrates the origin of various polysac-
charide sources by listing their structural characteristics.
Polysaccharides have been extensively utilized in the pro-
duction of nano and microparticles due to their unique
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FIGURE 2: Demonstrate a number of different sources of natural
renewable biopolymers.
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properties. Chitosan, a derivative of chitin, is a widely stud-
ied polysaccharide known for its biocompatibility and bio-
degradability. It has been employed in the formulation of
nanoparticles for drug delivery systems, gene therapy, and
wound healing applications. Table 3 presents biocomposite
films and their properties, alongside corresponding analyti-
cal methods employed for the characterization.

Analytical techniques are essential for identifying the
properties of biocomposite. Mechanical characteristics are
evaluated using tensile and flexural testing, and their thermal
stability and degradation behavior are better understood
through thermal analysis (DSC and TGA). The morphology
and fiber-polymer interfacial bonding can be better under-
stood by SEM. Using FTIR, chemical interactions inside

the biocomposite are investigated. Tests for biodegradability
determine how they affect the environment. Life cycle assess-
ment (LCA), makes it possible to measure the ecological
footprint.

4. Application

Biopolymers play a vital role in tissue engineering and drug
delivery due to their biocompatibility, biodegradability, and
versatility as shown in Figure 3. Biopolymers can be utilized
as scaffolds in tissue engineering to facilitate cell development
and tissue regeneration. In order to encourage cell adhesion,
proliferation, and differentiation, they offer a three-dimensional
framework that resembles the natural extracellular matrix. In

TABLE 1: Biopolymers with their origins and chemical structures [28–34].

Biopolymer Sources Structure
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controlled drug delivery systems, biopolymers also act as drug
carriers, allowing therapeutic substances to release slowly over
time. Their capacity to enclose and safeguard medications while
enabling their focused distribution improves therapeutic effec-
tiveness and reduces negative effects. Biopolymers have trans-
formed medication delivery and tissue engineering, providing
innovative approaches to personalized and regenerative health-
care. Figure 3 depicts the various applications of biopolymers.

4.1. Tissue Engineering. An interdisciplinary field of study
called tissue engineering uses chemistry, material science,
engineering, and medicine to replace and repair organs and
tissues [71]. The three major components of tissue engineer-
ing methodologies are scaffold, differentiated, or undifferen-
tiated cells, and biological signaling molecules like growth
factors (GFs) [72]. Recent developments in a variety of bio-
degradable natural polymer hydrogels, such as those made

of chitosan, hyaluronic acid, alginate, and agarose, as well
as proteins (collagen, gelatin, fibroin, and fibrin), and poly-
saccharides (chitosan, fibroin, and fibrin), are detailed here.
These natural biopolymers exhibit distinctive physicochemi-
cal characteristics that are rooted in their chemical structures.
These characteristics specify the advantages and limitations
of each hydrogel material for applications in cartilage tissue
engineering, such as cell adhesion, scaffold degradation kinet-
ics, and mechanical strength [73]. Alginate hydrogels are fre-
quently utilized as scaffolds for neural tissue engineering,
drug, protein/enzyme, and cell delivery, protein immobili-
zation, bone, and cartilage tissue engineering, and protein
immobilization [74–77]. A variety of alginate materials have
been created to satisfy distinct application-specific criteria.
Alginate and its derivatives’ chemistry, characteristics, and
biological uses have recently been thoroughly reviewed in
reviews [78].

TABLE 2: Examples of polysaccharides formerly used to make nano and microparticles [39–63].

Polysaccharide Source Structure

Agar Gelidium and gracilarioid species of seaweed
Alternate β-1,3-linked-D-galactose and α-1-4-linked 3,
6-anhydro-L-galactose

Alginate Brown algae and kelp (1-4)-linked β-D-mannuronic acid and α-L-glucuronic acid

Carrageenan Red seaweeds of the rhodophyceae class
No well-defined structure, consists of a group of linear
galactan polysaccharides containing alternating (1-3) and
(1-4)-β-glycosidic bonds

Cellulose Plants β-(1-4)-linked glucose
Chitosan Hydrolyzed chitin of shells, crabs, shrimp, and krill β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine
Dextran Bacteria (pseudomonas elodea or Sphingomonas elodea) α-(1-6)-linked D-glucose

Gellan gum Bacteria (sphingomonas elodea)
Tetrasaccharide repeating unit of rhamnose, glucuronic acid,
and two glucose units

Inulin Plants β-(2-1)-linked D-fructose

Pectin Plants (vegetables)
α-(1-4)-linked galacturonic acid residues which can be
methoxylated

Pullulan Fungus (aureobasidium pullulans) α-(1-6)-linked maltotriose units
Starch,
maltodextrins

Plants α-(1-4)-and α-(1-6)-linked α-glucose

TABLE 3: Biocomposite characteristics and analytical methods for determining them [64–70].

Bio-composite material Film property Analytical methods

Chitosan/HNT/clove essential oil
Reduced water vapour permeability,
moisture content, and water adsorption

Gravimetric analysis, weight and contact
angle measurements

Chitosan/bentonite/poplar extract Reduced oxygen permeability
Gas permeability according to the testing
standard GB/T1038- 2000

Soy protein isolate/MMT/tannic acid

Increased tensile strength and young’s
modulus. Slight improvement of the
elongation property. Successfully coating
and better dispersion state of clay-hybrids
in solution.

ISO527-3:1995(E) standard for
mechanical properties, ATR-FTIR, XPS,
XRD, FESEM and TEM

WPI/MMT/citric acid; cellulose acetate
butyrate/OMMT

Improved thermal stability TGA and DSC analyses

Gelatin/LDH/p- hydroxybenzoic acid;
Chitosan/HNT/clove essential oil

Controlled released of the bioactive
compound

UV-vis spectrophotometric analysis; GC-
FID analysis

Pectin/HNT/cucurbit-6-uril/peppermint
essential oil

Controlled released of menthone at 4°C HPLC analysis

Journal of Nanomaterials 5



Tissue engineering employs top–down methods, manip-
ulating existing tissues, and bottom–up techniques, creating
tissues from cells and biomaterials, to develop innovative
regenerative therapies, addressing diverse medical challenges
[79]. Top–down tissue engineering entails creating new tis-
sue constructions by dissecting an existing tissue into smaller
pieces first. These elements are altered and arranged into

desired structures using biomaterials. Building tissues from
single cells or cell aggregates that are seeded onto biomaterial
scaffolds to promote tissue development and organization
is the focus of bottom–up tissue engineering [80]. Figure 4
depicts the methods used to solve diverse tissue engineering
difficulties and produce viable tissue constructions for regen-
erative medicine and organ replacement.

Drug delivery

Skin tissue
engineering

Food packaging

Bone tissue
engineering Biopolymers

FIGURE 3: Shows the different uses of biopolymers.

Cell proliferation and 
scaffold degradation

Modular assembly

Tissue construct

Cell
aggregateCells Scaffold 3D

printing
Cell

sheets Hydrogel

Bottom–up approachTop–down approach

FIGURE 4: Top–down and bottom–up approaches of tissue engineering [81].
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Here is a list of some important biopolymers used in
tissue engineering:

(1) Collagen: collagen is the most abundant protein in
the ECM and is a critical component of various tis-
sues, such as skin, bones, and cartilage. It provides
structural support and promotes cell adhesion and
migration. Collagen-based scaffolds are widely used
in tissue engineering applications due to their excel-
lent biocompatibility and biodegradability [82].

(2) Hyaluronic acid (HA): HA is a natural polysaccha-
ride found in the ECM of many tissues, including
skin and cartilage. It possesses excellent water reten-
tion properties and contributes to tissue hydration
and lubrication. HA-based hydrogels are used to cre-
ate scaffolds for tissue engineering applications, espe-
cially in cartilage repair and wound healing [83].

(3) Chitosan: chitosan is derived from chitin, a polysac-
charide found in the exoskeletons of crustaceans.
It has antimicrobial properties and promotes cell
attachment and proliferation. Chitosan-based scaf-
folds are used in tissue engineering for applications
like bone regeneration and wound healing [84].

(4) Fibrin: fibrin is a protein involved in the blood clot-
ting process and is commonly used as a scaffold mate-
rial in tissue engineering. It can be easily cross-linked
to form hydrogels, providing a three-dimensional
environment for cell growth and tissue regeneration
[85].

(5) Silk fibroin: silk fibroin is derived from silk, a natural
protein produced by silkworms. It has good mechan-
ical properties and biocompatibility. Silk-based scaf-
folds are utilized in tissue engineering for various
applications, including nerve regeneration and bone
tissue engineering [86].

(6) Alginate: alginate is a polysaccharide extracted from
brown algae. It forms hydrogels in the presence of
divalent cations, making it suitable for encapsulating
cells and promoting tissue growth in various tissue
engineering applications [87].

Table 4 list biopolymers that may be combined or used
singly to make scaffolds, hydrogels, and other structures that
offer the right conditions for cells to develop, differentiate,
and regenerate tissues. Due to their biological relevance and
capacity to direct tissue formation and repair, they have a
great deal of potential for use in tissue engineering and
regenerative medicine. However, to improve tissue engineer-
ing outcomes and solve the unique difficulties related to
different tissue types, researchers are still investigating novel
techniques and biopolymer combinations.

Bio-inks play a vital role in tissue engineering, serving
as printable materials for 3D bio-printing. Alginate-based bio-
inks offer biocompatibility and structural support. Gelatin-
based bio-inks promote cell adhesion and proliferation.
Fibrin-based bio-inks facilitate tissue regeneration with the
natural extracellular matrix components. Chitosan-based

bio-inks possess antimicrobial properties and promote tis-
sue integration. Each bio-ink’s unique properties cater to
diverse tissue engineering applications, from cartilage and
bone to skin and vascular constructs.

4.2. Drug Delivery. Due to their distinctive qualities and pos-
sible uses, biopolymers have become recognized as promis-
ing materials in the field of medication delivery [99]. In
terms of biocompatibility, biodegradability, and low immu-
nogenicity, these naturally produced polymers—such as pro-
teins, polysaccharides, and nucleic acids—offer significant
benefits over synthetic polymers [100]. The pharmaceutical
industry is very interested in their capacity to encapsulate
and distribute therapeutic substances to specified target loca-
tions in a regulated manner.

A variety of medications, including small molecules, pep-
tides, and proteins, can be encapsulated in biodegradable and
biocompatible biopolymers that can be formed into nano-
particles or microparticles [101]. These particles can strengthen
the drug’s stability and solubility while also preventing it from
degrading, which will increase the drug’s therapeutic potency.
Additionally, biopolymer-based nanoparticles’ surface char-
acteristics can be changed to provide precise targeting to sick
tissues or cells, increasing medication delivery effectiveness
while minimizing side effects [102]. Biopolymers can be
used to improve the stability and delivery of pharmaceuti-
cals made from nucleic acids like DNA or RNA [103].
These biomacromolecules have a low-cellular uptake and
are extremely susceptible to enzymatic breakdown. Nucleic
acids can be better protected from enzymatic degradation
and given to target cells more easily by complexing with
biopolymers. Gene therapy and vaccines based on nucleic
acids may be made possible by biopolymer-based formula-
tions that preserve nucleic acids and enhance their intracel-
lular delivery [100].

According to Tables 5–7 biopolymers are great candi-
dates for the creation of efficient and targeted drug delivery
systems because of their biocompatibility, biodegradability,
and ability to encapsulate and release therapeutic compounds
in a controlled manner. The topic of medication delivery has
great potential for the biopolymers. Further research and
development in this field will enable the use of biopolymers
in improving medicine delivery and revolutionizing the phar-
maceutical business, ultimately benefiting patients through-
out the world. Current research on the use of cellulose and its
derivatives in medication administration is summarized in
Table 5.

By modifying cellulose through chemical derivatization,
its properties can be tailored to achieve controlled drug
release, improved stability, and targeted delivery, making it
a promising candidate for efficient and safe drug delivery
systems in the pharmaceutical industry [113]. Table 6 out-
lines current research on chitosan’s potential in drug delivery
applications.

Chitosan, a natural biopolymer derived from chitin, exhi-
bits biocompatibility, biodegradability, and low toxicity, mak-
ing it an ideal candidate for encapsulating drugs and targeting
specific sites in the body. Its unique properties offer potential

Journal of Nanomaterials 7
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advancements in targeted therapies and sustained drug release
systems [122]. Table 7 summarizes current studies on gelatin’s
usage in drug delivery applications.

Gelatin finds versatile applications in drug delivery,
serving as a biocompatible and biodegradable material. Its
encapsulation properties aid in controlled release of pharma-
ceuticals, enhancing drug stability and targeting specific sites.
Additionally, it enables the creation of various drug carriers
like nanoparticles, microparticles, and hydrogels, fostering
advancements in personalized medicine [131].

5. Future Prospects and Challenges

Biopolymers have bright futures since they provide a sustain-
able and eco-friendly alternative to synthetic polymers that

are often used in the industry [113]. Biopolymers, which are
made from renewable resources including plants, microor-
ganisms, and algae, provide a solution to the difficulties of
plastic pollution and the depletion of fossil fuels. Applica-
tions for biopolymers include the packaging, textiles, and
automotive, building, and biomedical sectors [114]. They
are a desirable alternative for lowering waste and carbon
impact because of their biodegradability and compatibility
with the current manufacturing techniques. Additionally,
biopolymers have the ability to display distinctive qualities
and functions, enabling the creation of novel materials with
improved performance. For biopolymers to be widely used, a
number of issues must be resolved. These include enhancing
its cost-effectiveness, scalability of production, mechanical
strength, and thermal stability. This review paper has highlighted

TABLE 5: Recent studies on the utilization of cellulose and its derivatives for use in medication delivery [104–112].

Cellulose and cellulose based drug delivery systems Drug(s)

Matrix tablets made of alginate, HPMC, and microcrystalline cellulose Bisoprolol fumarate
In situ crosslinked alginate matrix tablets for sustained release prepared using microcrystalline cellulose Salbutamol sulfate
Chitosan-HPMC matrices for hydrodynamically balanced capsules Moxifloxacin HCl
Floating capsules containing alginate-HPMC-based beads Salbutamol sulfate
Ethyl cellulose microparticles Metformin HCl
Alginate-HPMC and alginate-sodium CMC buccal patches Atenolol
Alginate-methyl cellulose mucoadhesive microcapsules Gliclazide
Alginate/HPMC-based in situ gelling ophthalmic system Gatifloxacin
CMC/graphene oxide bio-nanocomposite buccal hydrogel beads Doxorubicin

TABLE 6: Recent researches on the uses of chitosan for drug delivery applications [114–121].

Chitosan-based drug delivery system Drug(s)

Chitosan succinate and chitosan phthalate microspheres for oral delivery Insulin
Chitosan-gelatin films Tyrosol and ferulic acid
Chitosan-HPMC matrices as carriers for hydrodynamically balanced capsules Moxifloxacin HCl
Chitosan-tamarind seed polysaccharide interpenetrating polymeric network microparticles Aceclofenac
Photoresponsive chitosan conjugated 5-fluorouracil prodrug nanocarrier 5-Fluorouracil
Chitosan-egg albumin nanoparticles for oral Alprazolam drug delivery Alprazolam
Carbopol gel containing chitosan-egg albumin nanoparticles for transdermal delivery Aceclofenac
Polysorbate 80 coated crosslinked chitosan nanoparticles for brain targeting Ropinirole HCI
On-chip made chitosan nanoparticles for cancer therapeutics Paclitaxel
Magnetic stimuli-responsive chitosan-based vancomycin drug delivery biocomposite for multiple triggered release Vancomycin

TABLE 7: Recent researches on the uses of gelatin in drug delivery applications [123–130].

Gelatin-based drug delivery systems Drug(s)

Semi-interpenetrating hydrogels from carboxymethyl guar gum and gelatin Ciprofloxacin
Chitosan-gelatin films Tyrosol and ferulic acid
Liposomes entrapped in chitosan-gelatin hydrogels Calcein
Gum arabic aldehyde-gelatin nanogels for breast cancer therapy Curcumin
Mucoadhesive buccal tablets based on chitosan-gelatin microparticles Propranolol HCI
Gelatin nanoparticles for ocular delivery Moxifloxacin
Gelatin liposomes for HIV therapy Stavudine
Gelatin conjugate microparticles for the treatment of tuberculosis Isoniazid and rifampicin
EGFR-targeted gelatin nanoparticles for systemic administration in an orthotopic pancreatic cancer model Gemcitabine
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the significant progress made in this field, showcasing the poten-
tial of biopolymers as a promising alternative to conventional
synthetic materials. Looking ahead, several future prospects can
be envisioned to drive this research area toward greater success.
The ability to tailor the biodegradability of biopolymers opens
up exciting possibilities for tissue engineering and drug delivery.
By controlling the degradation rates, researchers can develop
biopolymer-based scaffolds that provide mechanical support
during tissue regeneration and gradually degrade as new tissue
forms, eliminating the need for invasive removal procedures.
The incorporation of bioactive molecules, such as growth factors
and cytokines, into biopolymer matrices can enhance tissue
regeneration and drug delivery applications. Future prospects
include optimizing the release kinetics of these bioactive mole-
cules to mimic the natural healing process, thereby accelerating
tissue repair and reducing the need for repeated administrations.
The primary challenges lies in establishing standardized
production processes for biopolymer-based materials. Large-
scale manufacturing with consistent quality is essential for
their widespread adoption in tissue engineering and drug
delivery, and this requires addressing variability in source
materials, extraction techniques, and processing methods.
While biopolymers offer inherent biocompatibility, some var-
iations may still trigger immune responses in certain indivi-
duals. Understanding and minimizing immunogenicity is
critical to ensure successful clinical translation. Additionally,
achieving optimal biodegradation kinetics remains challeng-
ing, as it varies with tissue type and environmental conditions.
As with any emerging technology, the cost-effectiveness of
biopolymer-based solutions will influence their widespread
adoption. Developing efficient and economical production
methods and scaling up manufacturing processes are vital to
make these materials accessible to a broader population.
Despite the positive outlook for biopolymers, these issues
must be resolved if they are to reach their full potential as a
sustainable alternative to synthetic polymers [115]. The devel-
opment of eco-friendly biopolymers for tissue engineering and
drug delivery is an exciting area of research with enormous
potential for transforming biomedical applications. With con-
tinued innovation and concerted efforts to overcome existing
challenges, these biopolymers can pave the way for sustainable,
personalized, and highly effective medical treatments in the
future. Embracing these prospects and addressing the chal-
lenges will drive this field toward a greener and healthier
future.

6. Conclusion

The development of eco-friendly biopolymers for use in tis-
sue engineering and drug delivery holds tremendous promise
as a sustainable and innovative approach to revolutionize the
biomedical field. This comprehensive review highlights the
remarkable progress achieved in recent years, emphasizing
the significant advantages that biopolymers offer over tradi-
tional synthetic polymers. The utilization of natural, renew-
able resources for biopolymer production not only reduces
the dependence on fossil fuels but also mitigates the environ-
mental impact associated with nonbiodegradable materials.

The biocompatibility and biodegradability of these biopoly-
mers make them ideal candidates for a wide range of appli-
cations, including tissue engineering, drug delivery, and
regenerative medicine. One of the key takeaways from this
review is the vast array of sources available for biopolymer
extraction, such as polysaccharides (e.g., chitosan, cellulose,
and starch), proteins (e.g., collagen, gelatin, and silk fibroin),
and nucleic acids (e.g., DNA and RNA). These diverse
sources present researchers with an ever-expanding toolkit,
allowing for tailoring biopolymers with specific properties to
meet the unique requirements of different applications. Fur-
thermore, advances in the processing techniques, such as
electrospinning, 3D bioprinting, and microfluidics, have
facilitated the fabrication of intricate structures, mimicking
native tissues and organs more accurately. This has paved the
way for the development of patient-specific implants and
drug delivery systems that enhance the therapeutic efficacy
while minimizing adverse effects.

However, despite these remarkable achievements, several
challenges still lie ahead in the field of eco-friendly biopoly-
mers. Standardization of production methods and quality
control protocols remains a priority to ensure consistency
and reproducibility across different biopolymer types. Addi-
tionally, the long-term stability and degradation rates of
these materials need further investigation to optimize their
performance in various biomedical applications. Addressing
these challenges will not only enhance the reliability of
biopolymer-based products but also facilitate their regula-
tory approval and widespread clinical adoption. The integra-
tion of biopolymers with advanced biomaterials, such as
nanoparticles and hydrogels, presents an exciting avenue
for the next generation of tissue engineering and drug deliv-
ery systems. These hybrid approaches could potentially offer
enhanced therapeutic capabilities, targeted drug release, and
better control over cellular responses. Furthermore, combin-
ing biopolymers with bioactive molecules, growth factors, or
stem cells can unlock new possibilities in tissue regeneration,
organ transplantation, and personalized medicine. As the
field continues to evolve, collaboration between researchers,
clinicians, and industry stakeholders will be crucial to propel
eco-friendly biopolymer technologies into the mainstream.
Government support, funding initiatives, and public aware-
ness campaigns will also play pivotal roles in driving the
adoption of sustainable biomaterials in the healthcare sector.
By capitalizing on interdisciplinary expertise and embracing
innovative approaches, we can accelerate the translation
of biopolymer-based advancements from the laboratory to
the clinical practice. In summary, this review highlights
the immense potential of eco-friendly biopolymers in tissue
engineering and drug delivery, emphasizing their sustainable
nature, biocompatibility, and versatility. The strides made in
biopolymer research have paved the way for a greener, more
ethical approach to biomedical applications, shaping the
future of regenerative medicine and patient care. With
continued dedication, research, and collaborative efforts,
eco-friendly biopolymers are poised to revolutionize the
biomedical landscape and usher in a new era of therapeutic
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solutions that are not only effective but also environmen-
tally responsible.
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