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Abstract: The utilization of sustainable biomaterials in pharmaceutical and medical applications has garnered
significant attention in recent years due to their potential to address environmental concerns while meeting the
demands of modern healthcare. This review provides a comprehensive overview of the latest advancements
and applications of sustainable biomaterials in the pharmaceutical and medical fields. Beginning with an
exploration of sustainable sourcing methods and production techniques, the review highlights the importance
of eco-friendly practices in biomaterial development. Subsequently, it delves into the diverse range of
sustainable biomaterials, including biopolymers, natural extracts, and bio-based nanoparticles, elucidating
their properties and biomedical applications. Moreover, the chapter discusses the role of sustainable
biomaterials in drug delivery systems, tissue engineering, wound healing, and medical device fabrication,
emphasizing their biocompatibility, biodegradability, and therapeutic efficacy. Along with discussions on
regulatory issues and commercialization prospects, the potential and challenges related to the integration of
sustainable biomaterials into pharmaceutical and medical practices are also critically reviewed. By elucidating
the advancements and potential of sustainable biomaterials, this article aims to inspire further research and
innovation in the pursuit of environmentally friendly and effective solutions for healthcare applications.

Keywords: sustainable biomaterials; pharmaceutical applications; medical applications; biomaterial
fundamentals; sustainability

1. Introduction

Materials created and intended to function with biological systems are known as biomaterials.
They might be bioactive materials that enter human tissue fast. Their biodegradability is good. They
are frequently employed in the production of pharmaceuticals, tissue engineering, and human body
components [1,2]. New and innovative technical developments like surface alterations, bio printing,
nanotechnology, biodegradable materials, bioactive molecules, surface modification, and creation of
new, eco-friendly materials and biomaterials all complement each other [3,4]. Green technology is
used to generate eco-friendly biomaterials, or they can be derived from other biological sources.
Many biomaterials have been explored and created as workable alternatives to conventional
materials, and they have been successfully used in various biomedical domains. Applications for
contact lens design in ophthalmology, wound healing, orthopedics, ligament and tendon restoration,
and reproduction therapy for nerve generation are the primary uses [5]. They are also widely used in
non-biomedical fields. Filters and membranes, energy products, textiles, building materials, food
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packaging, sporting goods, cosmetics, and personal hygiene are examples of non-biomedical
applications [6-8].

Because of the expansion of the pharmaceutical sector and the focus on improving patient
compliance, applications of specific biomaterials for biomedical use have grown significantly.
Materials can be added to natural tissue or used as a therapeutic enhancement in medical devices. It
might be simpler to rejuvenate bones, heart valves, cartilage, and other tissues when biological and
synthetic materials produced from stem cells are combined [9]. In order to do this, the damaged
portion is either replaced or attempted to be reinstated, and materials that are immune to
immunological rejection because to their genetic similarity to the patient are used. Most biomaterials
are composed of metals, ceramics, and polymeric components [10]. Polymeric materials can be
utilized to temporarily substitute both soft and hard tissues, while metals and ceramics are typically
used to replace hard tissue [11].

Biomaterials can also be utilized in dental surgery and medication delivery. They can also be
utilized for blood vessel prosthesis, artificial ligaments and tendons, bone plates, skin repair
instruments, contact lenses, cochlear replacements, and bone cement [12]. Biomaterials are man-made
or naturally occurring synthetic materials that are used to make implants and other structures that
replace lost or damaged biological structures and return them to their original form and function.
Collagen, chitosan, alginate, cellulose, and gelatin are a few naturally occurring biomaterials [13].
Synthetically produced biomaterials include metal, ceramics, composites, polymers, and hydrogels.
Because of this, biomaterials are extending human lifespans and enhancing quality of life. The
biomaterials sector has expanded rapidly to fulfill the needs of an aging population. Biomaterials are
used in the construction of several body components, such as prosthetic heart valves, shoulder
replacement implants, knee and elbow joints, ears, oriental structures, and hip joints. Various
materials can be used to make implants, according on the requirements of the application. Metals,
alloys, polymers, ceramics, and composite materials are the most commonly utilized biomaterials.

The pharmaceutical and medical industries are becoming more interested in sustainable
biomaterials as a result of the intersection of environmental sustainability and healthcare
advancement. The area of sustainable biomaterials and its applications in healthcare are examined in
this review, with particular attention paid to the fundamentals of biomaterials, method of preparation
of sustainable biomaterials, sustainability of biomaterials, natural biomaterials, synthetic
biomaterials for renewable sources, and applications of biomaterials in pharmaceuticals, applications
of biomaterials in medical devices cell toxicity of sustainable biomaterials, future prospective and
challenges.

2. Fundamentals of Biomaterials

Biomaterials play a pivotal role in contemporary medical and pharmaceutical landscapes,
serving as versatile substrates that interact seamlessly with biological systems to facilitate therapeutic
interventions and medical device development. These materials, whether naturally occurring or
synthetically engineered, are characterized by their inherent biocompatibility and ability to integrate
with living tissues, thereby enabling a myriad of applications across diverse medical disciplines. The
European Society for Biomaterials Consensus Conference-II has provided a comprehensive definition
of biomaterials, emphasizing their role in interfacing with biological systems to support tissue
replacement, treatment, or augmentation [14]. Categorized based on their constituent materials and
responsiveness to living tissues, biomaterials encompass a broad spectrum, including polymeric
materials, ceramics, metals, and their composites. Moreover, biomaterials exhibit varying degrees of
biodegradability, biomimicry, and biological activity, crucial attributes that determine their
suitability for specific medical applications such as hand surgery, bone replacement, and nerve repair
[15,16]. Advanced imaging techniques like Backscattered Electron Microscopy (BSEM) offer
invaluable insights into the interaction dynamics between implanted biomaterials and bone tissue
[17]. By categorizing biomaterials based on their influence on bone apposition, BSEM aids in
understanding the efficacy of biomaterial integration and tissue regeneration processes.
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Additionally, biomaterial design can be tailored to facilitate controlled interactions with living
tissues, enabling therapeutic or diagnostic applications across a spectrum of medical conditions.

The versatility of biomaterials is exemplified by their widespread use in medical device
fabrication, including heart valves, dental implants, vascular grafts, and artificial organs [18]. These
materials, ranging from biodegradable polymers to bioactive ceramics, offer distinct advantages in
restoring or enhancing the function of deteriorating or damaged tissues. Furthermore, the advent of
bio composite materials, reinforced with natural fibers or synthesized from animal-based sources,
underscores the diverse array of biomaterial options available for biomedical applications [19].
Organs and tissues that are failing or damaged can be replaced, or their functionality can be
enhanced, with certain biomaterials. Because of their special physical, chemical, and biological
characteristics, a wide range of materials, including some biodegradable polymeric materials,
ceramic materials, metals and their alloys, biopolymers, composite materials, bio composite materials
reinforced with natural fibers, and some other filler materials, are used as biomaterials [20].
Classification of biomaterials into resorbable and non-resorbable categories further elucidates their
temporal fate within the body. While resorbable materials undergo gradual degradation and
absorption by bodily tissues, non-resorbable materials exhibit enduring stability, offering unique
advantages in specific clinical contexts. Moreover, biomaterials can be classified based on their
bioactivity, biocompatibility, and degradability, informing strategic selection and design
considerations for targeted therapeutic interventions [21].

The integration of cutting-edge technologies like bio printing, nanotechnology, and surface
modifications augments the repertoire of biomaterials, fostering innovation in pharmaceutical and
medical domains [22]. Green technologies further contribute to the development of eco-friendly
biomaterials sourced from renewable biological reservoirs, promoting sustainability in biomedical
research and development. The exploration of sustainable biomaterials for pharmaceutical and
medical applications underscores their transformative potential in shaping the future of healthcare
delivery [23]. With their diverse properties and applications, biomaterials continue to revolutionize
therapeutic approaches, medical device fabrication, and drug delivery systems, thereby advancing
the frontiers of modern medicine and enhancing patient care [24,25].

2. Method of Fabrication of Biomaterials

Conventional industrial methods are used in the production of biomaterials. Even with
traditional manufacturing techniques like gas foaming, freeze drying, powder forming, solvent
casting, solvent casting/particulate leaching, sol-gel method, electro spinning, and thermally induced
phase separation, it can be challenging to control pore parameters and incorporate intricate
architectural details while maintaining reproducibility [26]. Tissue scaffolds cannot have uniformly
sized pores that are fully interconnected by these standard procedures Furthermore, deviation during
traditional fabrication techniques is nearly impossible to eliminate and can lead to the failure of
created tissue constructs [27].

Another technique is additive manufacturing techniques. Biomedical engineers have extensively
investigated additive manufacturing (AM) technology for producing a range of bespoke goods for
healthcare systems. Using the right 3D printing technique, the technology can be used to create
anatomic models and medical implants that are particular to each patient [28]. The selection of
biopolymers and the transformation of reasonable AM are important factors in biomedical
applications [29]. For 3D printing, biopolymers should ideally have excellent shape fidelity, structural
stability, printability, and processability in addition to precise and accurate polymer 3D plotting [30].
The American Society for Testing and Materials' International classification system can be used to
classify 3D bioprinting procedures (ASTM). Digital light processing (DLP), inkjet printing
(IJP)/binder jetting (BJ), stereolithography (SLA), and extrusion-based printing (fused deposition
modeling, or FDM) are the most widely used techniques for 3D bioprinting of sustainable polymeric
materials [2].

Polymeric biomolecules consist of long chains of monomeric components covalently bound
together, called biopolymers. Unlike synthetic polymers, biopolymers have a unique three-
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dimensional structure due to their intricate molecular structure. The term "bio" indicates that the
polymer will degrade naturally due to biological processes. Thus, biopolymers are biodegradable
materials that are a compelling substitute for fossil-based polymers and could potentially tackle the
most pressing concerns for the conservation of our planet [31]. On the other hand, man-made
synthetic polymers are composed of non-biodegradable petrochemicals. Oil has a limited supply,
which seriously harms the environment on a worldwide scale. In contrast to synthetic polymers,
which currently have a linear lifecycle that consumes fossil fuels as resources, converts them into
polymers, builds things, and then discards them, biopolymers merge material design, manufacture,
application, and disposal into a circular process.

3. Sustainability in Biomaterials

The field of biomaterials is rapidly evolving towards greater environmental responsibility.
Traditional biomaterials often rely on non-renewable resources or generate plastic waste, posing
significant environmental challenges. In contrast, sustainable biomaterials, derived from renewable
sources like plant starches, bacterial cellulose, or chitosan from shrimp shells, offer a promising
alternative with reduced environmental impact [32]. Sustainability in biomaterials encompasses
various aspects, including biodegradability, life cycle assessments, energy efficiency, and minimizing
pollution throughout their lifecycle [24]. By adhering to these principles, biomaterials can contribute
to environmental stewardship while advancing medical and pharmaceutical applications. Efforts are
underway to develop biomaterials that utilize renewable resources, such as proteins, to create novel
materials with desirable properties [33]. Alternative protein sources, including recombinant proteins
and peptides, are being explored for their potential in biomaterial applications.

A sustainable biomaterial has low environmental risk, is produced with ecologically acceptable
methods, and comes from renewable resources that are farmed responsibly. Furthermore, it should
be capable of being reused or recycled at the end of its intended use, promoting circularity and
resource efficiency [34]. The creation of sustainable biomaterials involves considering the entire
material lifecycle, from sourcing to disposal. This includes assessing manufacturing processes for
their environmental impact, as well as exploring opportunities for recycling or composting at the end
of the material's life [35]. Economic viability and societal advantages, such as job creation, cost
savings, and supply chain resilience, are important evaluation factors for sustainability. A sustainable
biomaterial must also fulfill legitimate societal needs to justify its ecological footprint. Overall, the
growing interest in sustainable biomaterials reflects a global shift towards more environmentally
responsible practices. By integrating renewable resources, reducing pollution, and promoting
circularity, sustainable biomaterials have the potential to drive positive environmental outcomes
while meeting the demands of diverse medical and pharmaceutical applications [36].Figure 1 shows
the classification of sustainable biomaterials.
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Figure 1. Classification of sustainable biomaterials.

4. Natural Biomaterials

Natural biomaterials, derived from the life cycles of organisms, offer versatile applications in
healthcare. Ranging from bioinert to bioactive, they are increasingly recognized for their
sophistication and suitability. Novel biomaterials research focuses on harnessing the abundant
chemical options of natural biomaterials. Their non-immunogenicity, biocompatibility, and
renewability make them desirable. Nature has evolved materials with biomimicry, mechanical
strength, and biodegradability [37]. From reptiles to avian waste, insects, and fish, various sources
provide biomaterials like collagen, silk, and venom. Insects, with a million species, offer silk, fatty
acids, and sericin. Arachnids, like spiders and scorpions, provide protein-rich biomaterials. Fish
waste yields collagen, thrombin, and chondroitin sulfate. These biomaterials, essential for healthcare,
emphasize sustainable sourcing and utilization [38].

In essence, natural biomaterials, diverse in origin and properties, hold immense potential for
sustainable healthcare solutions. Natural biomaterials, originating from microorganisms, plants, and
marine sources, offer a diverse array of applications in healthcare. Microbial polysaccharides
genetically engineered or naturally occurring, and plant-based biomaterials like cellulose, starch, and
lignin are notable examples [39]. Bodin et al. have explored the mechanical properties of biomaterials
like bacterial nanocellulose (BNC) gel for applications in meniscal lesion treatment [40]. Yang et al.
investigated 3D bioprinting using natural polymers like sodium alginate and collagen for cartilage
tissue engineering, demonstrating enhanced mechanical strength and cell adhesion [41]. Similarly,
Liu et al. developed porous scaffolds for bone repair using sodium alginate and collagen with
promising stability and cell support [42]. Marine polysaccharides like agarose, derived from red
seaweed, serve as carriers for drug delivery systems due to their bioactivity and controllable chemical
reactivity [43]. Collagen, a widely used biomaterial, aids in wound healing by mimicking the dermal
extracellular matrix [44]. Chitosan derivatives demonstrate versatility in applications such as drug
delivery, mucoadhesion, and wound healing [45]. Fujita et al. investigated the efficacy of photo cross-
linkable chitosan hydrogel in preventing prosthetic aortic graft infections, showing promising results
in inhibiting graft infections [46].The use of nanocellulose in lesion repair, as scaffolds to support cell
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culture, and in tissue repair and regeneration has advanced significantly in recent years. The Figure
2 shows the uses of cellulose as a biomaterial.
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Figure 2. Uses of cellulose as a biomaterial ( Adapted with permission from Ref. [47], copyright, 2021
MDPI).

Gelatin micro particles have been extensively studied for drug delivery systems, showing
potential in delivering anti-inflammatory, antibacterial, and antineoplastic drugs [48].In dentistry,
biomaterials like chitosan and gelatin are used for root canal infections and periodontal regeneration,
respectively. Regenerative urology utilizes biomaterials for repairing urinary system segments and
developing fully functional organs. Hyaluronic acid, a component of the brain's extracellular matrix,
holds promise in central nerve system (CNS) regeneration medications. Silk, through silk grafts, has
been explored for wound healing applications [49]. Biomaterials with antioxidant properties, such as
bioactive glass composite biomaterials, show potential in chronic wound healing. Hydrogel-based
biomaterials like polyvinyl alcohol are also used for wound healing. Spider silk sutures demonstrate
promising properties for flexor tendon repair. Calcium alginate hydrogel and hyaluronan-chitosan
combinations exhibit potential in chronic wound treatment and neovascularization, respectively.
Various biomaterials, including polyvinyl alcohol, mungbean starch, and cryogenics, show
functional effects in drug delivery, cardiovascular implants, and diabetic wound healing [50].

Natural biomaterials offer vast potential in healthcare applications, with ongoing research
focusing on discovering new materials and exploring their physical, chemical, and biological
properties to further advance medical treatments.

1. Synthetic Biomaterials from Renewable Resources

Renewable resource-based synthetic biomaterials offer a sustainable solution for various
biological applications, serving as environmentally friendly alternatives to conventional biomaterials
derived from finite resources like fossil fuels. By harnessing renewable sources such as plant-based
polymers, sugars, and oils, researchers can reduce reliance on non-renewable materials and mitigate
environmental harm caused by resource extraction and processing [51]. One significant advantage of
synthetic biomaterials derived from renewable resources is their biodegradability, which allows them
to naturally decompose over time, reducing waste production and environmental pollution.
Moreover, their production methods support environmental sustainability by minimizing energy
consumption and carbon emissions [52]. The characteristics of these biomaterials can be easily
customized by researchers for use in tissue engineering, regenerative medicine, and drug delivery
systems, among other biomedical applications. To get desired properties like mechanical strength,
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biocompatibility, and degradation rate, one can modify parameters like molecular weight, chemical
composition, and cross-linking density [53].

Polylactic acid (PLA), polyhydroxyalkanoates (PHAs), cellulose-based polymers, chitosan,
polyglycolic acid (PGA), and starch-based polymers are examples of synthetic biomaterials derived
from renewable resources [54]. Because it is both biocompatible and biodegradable, chitosan which
is produced by deacetylating the chitin present in crustacean exoskeletons —is frequently used in
biomedical applications [55]. Many polymer formulations based on chitosan have been developed
for applications such as wound healing, medicine administration, and tissue engineering. Using
methods such emulsion crosslinking, coacervation/precipitation, spray-drying, ionic gelation, and
reverse micellar approaches, customized chitosan particulate systems have been developed. With
their tunable mechanical properties, biodegradability, and biocompatibility, PHAs, aliphatic
polyesters made by bacteria as carbon storage molecules, are well suited for use in biomedical
applications. Polyhydroxybutyrate (PHB) and Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), two types of PHAs, have been extensively studied for drug delivery, tissue engineering, and
medical implant applications. [56].

The biomedical industry has shown a great deal of interest in PLA, another flexible
biodegradable polyester, because of its strong mechanical qualities, ease of production, and high
biodegradability. Commercially produced through ring-opening polymerization of lactide, PLA
conforms to renewable and sustainable development principles, as lactide is typically derived from
carbohydrate fermentation. PLA-based biomaterials, such as Poly(L-lactic acid) (PLLA) and
Poly(D,L-lactic acid) (PDLLA), have been developed for load-bearing applications like orthopedic
fixation screws and drug delivery systems, respectively. Renewable resource-based synthetic
biomaterials offer a promising avenue for sustainable biomedical applications, providing
customizable properties and environmental benefits that align with the principles of renewable and
sustainable development [57].

2. Applications of Sustainable Biomaterials in Pharmaceutics

In pharmaceutical applications, sustainable biomaterials are essential, especially for drug
delivery systems. These biomaterials make it possible to encapsulate pharmaceutical compounds and
release them under regulated conditions, which increases treatment efficacy, decreases side effects,
and prolongs release for chronic illnesses. Poly(lactic-co-glycolic acid) (PLGA), liposomes, alginate,
chitosan, hyaluronic acid (HA), polyethylene glycol (PEG), cyclodextrins, dendrimers, PLA , and
polymeric micelles are common biomaterials utilized in drug delivery systems [58]. Enzymatic
degradation of polymers is influenced by various factors, including chemical modifications,
physicochemical characteristics, environmental conditions, and the presence of activators or
inhibitors. For instance, Chen et al. studied the effects of acetylation on maize starch and its
application in drug-release systems [59]. Natural polymers have also gained attention in medicine,
pharmacy, and cosmetics, with polymeric nanoparticles and hydrogels based on natural polymers
being utilized for topical drug delivery and skin regeneration [60-62].

Chitosan, which is obtained responsibly from crab shells, is a mucoadhesive, biodegradable, and
biocompatible substance that is frequently used in pharmaceutical formulations. For example,
Hussain et al. enhanced chitosan nanoparticles for hydrocortisone and hydroxytyrosol percutaneous
co-delivery [63]. In a similar vein, Md et al. created chitosan nanoparticles loaded with betamethasone
to treat atopic dermatitis, showing improved efficacy above traditional formulations [64]. Alginate
gels have been utilized in tissue engineering, controlled drug delivery, and wound dressing
applications because they are biocompatible and biodegradable [65]. In order to provide cynaroside
to patients with atopic dermatitis, Szekalska et al. developed an alginate-based hydrogel that showed
encouraging results in lowering inflammation [66]. Furthermore, Salehi et al. created an alginate-
based hydrogel that was loaded with naringenin and showed antioxidant, antibacterial, and anti-
inflammatory qualities to treat skin wounds [67].Figure 3 depicts A list of the most recent pre-clinical
and clinical research on the use of biomaterials in biotherapy, encompassing gene therapy, stem cell
therapy, medication administration, and vaccine development.
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Figure 3. A summary of recent research, both pre-clinical and clinical, on the use of biomaterials in
biotherapy. (Adapted with permission from Ref. [68], copyright, 2022 Elsevier).

Hydrogels based on dextran have shown potential in tissue regeneration and wound healing, as
demonstrated by studies conducted by Ribeiro et al. and Sun et al.[69]. Silk fibroin-based hydrogels
have also been investigated for wound healing applications, with Li et al.[70] and Dong et al. reported
their efficacy in preventing hypertrophic scars and delivering antibiotics, respectively [71]. Collagen,
a ubiquitous extracellular protein, holds promise in wound healing due to its ability to promote tissue
ingrowth. Oryan et al. developed a collagen-based hydrogel bandage containing probiotics, which
accelerated wound healing in burn injuries [72]. Similarly, Yoon et al. formulated a gelatin-based
hydrogel loaded with chemotactic cytokines for the treatment of diabetic wounds, demonstrating
improved wound healing compared to conventional treatments [73].In addition to natural polymers,
synthetic polymers like PLA, PLGA, and PGA are widely used in drug delivery systems due to their
mechanical properties and biodegradability. These synthetic polymers have been instrumental in
vaccine development, including mRNA vaccines like the COVID-19 vaccine, where lipid
nanoparticles are used to deliver delicate mRNA molecules into cells.

Overall, biomaterials have revolutionized drug delivery and pharmaceutical applications,
offered targeted and sustained release of medications while minimized adverse effects. From cancer
treatment to tissue engineering, biomaterials have diversified applications across various medical
fields, promising advancements in patient care and treatment outcomes[74-76]. Table 1 depicts some
biomaterials used in pharmaceuticals, their sources, and applications.

Table 1. Biomaterials with their pharmaceutical applications.

Serial Biomaterial Source Application Refere

No. nce

1 Poly(lactic-co-glycolic lactic acid and Microspheres, nanoparticles, [77]

acid) (PLGA) glycolic acid implants

2 Liposomes phospholipids Targeted drug delivery, gene [78]

therapy
. Controlled drug release,

3 Alginate algae wound healing [79]
Oral drug delivery, wound

4 Chitosan chitin dressings [80]

5 Hyaluronic Acid (HA) human body, Ophthalmic, joint injections, [81]

particularly in skin creams
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connective tissues,
joints, and skin

Polyethylene Glycol

6 (PEG) ethylene oxide Nanoparticles, conjugates ~ [82]

7 Cyclodextrins starch Increasing drug solubility ~ [83]

8 Dendrimers synthetic Targeted drug delivery, gene [84]
macromolecules therapy

9 Polylactic Acid (PLA) renewable resources Nanoparticles, implants [85]

renewable resources
Solubilization and delivery of

10 Polymeric Micelles or Petrochemlcal— hydrophobic drugs [86]
derived sources
Poly(methoxyl
ethylene
glycolcaprolactonecom
11 ethacrylic acid-co- chemical synthesis For oral drug delivery [87]
poly(ethylene
glycol)methylethylene
methacrylate)
Alginate and
12 chemically modified Algae, chitin For oral drug delivery [87]
carboxymethyl
chitosan
Bovine or borcine deliver anti-inflammatory,
13 Gelatin ovine orpo antibacterial, and [88]
collagen . .
antineoplastic agents
14 Nanocellulose Drug delivery [37]
Natural ECM or .
15 Collagen recombinant Drug delivery [89]
Lipid Nanoparticles DellYer mRNA and other
16 - vaccine components [90]
(LNPs) .
efficiently.
Use cultured cells to produce
17 Cell-Based Vaccines - antigens for vaccine [91]
development
Adjuvants (Aluminum Enhance immune response
18 - . . [92]
salts) and vaccine efficacy
Polyhydroxyalkanoate Synthetic by various .
19 s (PHA) microorganisms Drug delivery [93]
controlled release of
. o . therapeutics, including
20 Silk Fibroin Silkworm [37]

proteins, peptides, and small
molecules.

8. Applications of Sustainable Biomaterials in Medical devices

Numerous potential medicinal applications for biopolymers exist, such as cell proliferation,
adhesion, anchoring, suturing, covering, occlusion, isolation, and tissue guidance. The growing
recognition of biomaterials' potential stemming from the need for improved, tissue-targeted
implantable devices has focused emphasis on multimodal scaffolds with unique shapes and physical-
chemical characteristics [94]. Because these scaffolds combine diverse topographies not often
observed in each material, they exhibit multifunctional or multimodal properties that increase their
potential value in regenerative medical approaches. The development of three-dimensional
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templates and artificial extracellular matrix (ECM) habitats for tissue regeneration are important
goals for polymers [95]. It is possible to create biopolymers synthetically or using natural materials
[96]. Because natural polymers are more biodegradable and do not cause cytotoxicity, they are a great
substitute for synthetic materials that are frequently employed. They are created through the chain-
growth polymerization of activated monomers, which are commonly created inside of cells during
metabolic activities and are catalyzed by enzymes. They mimic soft tissues and are derived from
natural sources. Hyaluronic acid, cellulose, fibrin gels, agarose/alginate, collagen, gelatin, and
dextran are some of the components that fall within this group. The enhanced mechanical
characteristics and in vitro findings demonstrated that these innovative biodegradable stents can be
utilized for the treatment of cardiac patients experiencing occlusion of the coronary arteries as shown

in Figure 4.
Volumetric \
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Figure 4. (A1) Diagrammatic representation of the several stages involved in creating microstents; (A2
) Sequential display of a PCL-based polymer composite 3D-printed stent inserted in a pig's heart. (
Adapted with permission from Ref. [97], copyright 2017 WILEY-VCH); (B) Implanting PMTC-based,
3D-printed scaffolds made using the SLA technique into a human jawbone . (Adapted with
permission from Ref. [98], copyright 2019 American Chemical Society); (C1) 3D-printed polymer
scaffold made of PCL; (C2) Placing a scaffold inside a person's oral cavity;(Cs) Removing any extra
scaffold. (Adapted with permission from Ref.[99].Copyright 2014 John Wiley & Sons Ltd).

In regenerative medicine, natural polymers are frequently utilized; however, they must be
cleansed prior to implantation in order to prevent foreign body reactions. The drug delivery method
uses biodegradable polymers, which may be eliminated by the body and do not require surgery to
remove once the pharmaceuticals are discharged. Biopolymers have been used in many well-known
biomedical applications, including artificial hearts, breast implants, intraocular lenses, soft-tissue
replacement, bone cement, dialyzers, liver, pancreas, bladder, kidney, coatings for pharmaceutical
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tablets and capsules, cardiac assist devices, implantable pumps, pacemakers, encapsulations,
artificial blood vessels, joint replacements, artificial skin, dentistry, drug delivery, and targeting
tumor or inflammatory sites [87,100-102]. Figure 5 show the step-by-step process that the authors
used to create 3D-printed scaffolds using Fused Deposition Modeling (FDM) for bone regeneration
and dog tooth osteointegration based on PLGA/PCL/B3-TCP-based scaffolds.

<30 CAD Data>

k Fabrication Result >

< Transformation by Compressing > < Fabricated Mesh >

s ™ (OF®
(Bl) 7 Cell Expansion

-
Bone Marrow

3DP Scaffolds

e —

In vivo bioreactor

- — =
Rabbit Model

Figure 5. (A1) A sequential process that begins with the membrane's CAD design and ends with its
implantation into the edentulous mandibular alveolar ridge; (A2) Implant placement within the
mandibular alveolar ridge of the edentulous patient; (As) After compromising and filling the defects
with the grafting material, the membrane was placed. (Adapted from [103] under the Creative
Commons Attribution License 4.0); (B1) Schematic diagram illustrating the experimental process of
creating vascularized bone tissue in vitro; (B2) 3D-printed composite scaffold made of PLA and HAp
in front and side views (B3); (B4) A diagram illustrating the saphenous arteriovenous blood bundles;
(B5) A surface-mounted periosteum for surgical purposes; (B6) A PLA/HAp-based composite scaffold
was inserted; (B7) A scaffold was rolled into a capsule shape. (Adapted from [104] under the
Creative Commons Attribution License 4.0).

PHASs can be utilized in biomedical applications in place of petrochemical polymers because
they degrade naturally. Table 2 shows some biomaterials used in the medical field, their sources, and
applications.

Table 2. Biomaterials with their medical applications.

Serial Ref
M2 Biomaterial Source Application etere
No. nce
Animal tissues Surface coating for tissue culture
1 Collagen skin, & [105]
plates
Bones
R r dicine, Ti
9 Alginate Brown algae egenerative medicine, Tissue [106]

engineering
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Hyaluronic acid  Rooster combs

Treatment and lubrication of

3 . damaged joints, Cutaneous and [107]
bacteria .
corneal wound healing
Blood clotting, Wound healing, and
. tumor growth, Hemostatic agent,
4 Fibrin Blood plasma ) [108]
sealant, and surgical glue,
Regenerative medicine
Bi ; . f' T
5 Silk fibroin Silkworm silk ~ ~ oengineering o tissues, Treatment o,
of wounds, Bioengineering of tissues
6 Agarose Red algae Skelejcal tissues regenerati'on, kidney [110]
and fibroblast encapsulation
keletal ti i 11
” Carrageenan Red algae S e. etal tissues regeneration, Ce [111]
delivery system
8 Fibronectin Animal tissues Wound hfzahng, Cardiac repair, Bone[l 12]
regeneration
9 PHAs Bacteria Drug deliyery systems, One tissue [113]
regeneration
10 Elastin Amrr.lal tissues Soft—tlssue? reconstruction, . [114]
arteries Orthopedics and cell encapsulation
11 Keratin Animal tissues Cornea t1s.sue engineering, Skin [115]
regeneration
Bone and cartilage
12 Starch Plants regeneration,Spinal cord injury [116]
treatment
skin, bones, and
i
13 Gelatin C.O nhective Stem cell therapy [117]
tissues of
animals,
Fracture fixations, Tissue
augmentation, Cartilage repair, (118,11
14 Polyester petrochemicals  Dental implants, Cardiac patches, 9] ’
Ear implants, Cartilage repair, Nerve
repair
phosphorus and
it - 120,12
15 Polyphosphazenes TULTogen Delivery of vaccines, Gene delivery [120,
containing 1]
compounds
. dicarboxylic Drug delivery, Antigen delivery, [122-
16 Poly anhydrid
Oy aniyaraes  acids Peptide delivery 124]
17 Polyurethanes petrochemicals Medical devices, Drug delivery [125]
Poly(n-isopropyl Synthetic
acrylamide- polymer, . . o
T fracted
18 copropylacrylicaci produced © IIMPTove anglogenesis i tniracte [87]
. _,myocardium
d-co-butyl through chemical
acrylate) synthesis.
Poly(acrylamide)- Carrageenan, '
19 g-carrageenan and . . For colon-targeted delivery [87]
. . Sodium Alginate
sodium alginate
Conjugated
linoleic acid Peritoneal dissemination of gastric
20 . : (871
coupled with - cancer, Treatment of type II Diabetes

pluronic F-127,
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PLGA-PEG-
PLGA

8. Cell Toxicity of Sustainable Biomaterials

The cytotoxicity of biomaterials can be assessed using a number of commonly used techniques,
including the agar diffusion test, direct contact test/colony formation assay, neutral red absorption
assay, and y-MTT (3-[4,5-dimethyl2-thiazolyl]-2,5-diphenyl tetrazolium bromide) assay. Several
detrimental impacts of biomaterials have already been studied with the MTT test. A
polyhydroxyalkanoate (PHA), poly(hydroxybutyrate-co-hydroxy hexanoate) (PHBHHx), was
shown to be cytotoxic to L929 murine fibroblast cells by Yang et al [126]. The MTT test was used to
measure the number of viable L.929 cells that were adhered to and cultured on polymer surfaces. The
technique known as neutral red uptake (NRU) has also been widely utilized to assess the cytotoxicity
of biomaterials and gauge cell viability. MG-63 osteoblast-like cells were tested with cement extracts,
and Ciapetti et al.[127] used NRU to confirm this. Utilizing NRU has the advantage of not being
influenced by sporadic microbial contamination, which can cause an overestimation of cell viability.

Based on the morphological changes in the cells, the direct contact test can be used to assess the
cytotoxicity of biomaterials, according to ISO10993-5. Typically, this assay uses fibroblast cells. Lee
et al.[128] developed a novel method to modify bovine pericardium (BP) by directly coupling
heparin, aiming for cardiovascular bioprosthetic applications. Their study showed reduced
cytotoxicity in vitro and decreased calcium deposition in vivo on heparin-treated BP compared to
untreated and GA-treated samples, indicating improved biocompatibility. This suggests the potential
of heparinized BP as a sustainable biomaterial for cardiovascular implants. According to reports, the
most practical and sensitive cytotoxicity test is the colony-forming assay. The Agar Diffusion Assay
is carried out according to ISO10993-5 guidelines. Cytotoxicity is synonymous with cell death, the
mechanisms of which have been extensively studied. There are two primary categories of cell death.
like apoptosis and necrosis [129].

10. Future Perspectives and Challenges

Creating environmentally and economically viable methods for the large-scale production of
minerals, chemicals, and fuels is the problem of the twenty-first century [130]. In light of their
potential uses, a few selected examples of bio-derived materials, such as carbonaceous materials and
biocompatible nano-composites created from natural sources, show the promise of these materials
[131]. There are numerous different applications in these examples. The best course of action in this
situation is to use cheap, renewable precursors like waste and biomass to generate well-defined,
controllable nanostructures [132]. In some circumstances, it may be difficult to accurately control the
characteristics of the It can occasionally be challenging to precisely regulate the characteristics of the
synthesized biomaterials due to factors like the complexity of the starting material, the existence of
contaminants, etc. However, these issues have occasionally been rectified, depending on the
biomaterial production method and/or the selected future utilization [130]. In other scenarios,
advanced materials with high-end applications, like electrodes in energy storage devices (fuel cells,
batteries, etc.), where specific physical properties like conductivity, flexibility, transparency, and
mechanical strength are needed, can be synthesized by forming Nano composites or by adding an
extra substrate or starting material (like graphene) [133]. These biomaterials with specific
compositions and porosities may be used as super capacitor cell electrodes or as CO2 sequestration
adsorbents. In conclusion, a complete comprehension of the structure and content of the foundational
material is necessary for any future advancements in the field of sustainable biomaterials for a variety
of applications.

Although sustainable biomaterials present a number of obstacles, they also provide intriguing
solutions for a range of biomedical and pharmacological applications [130]. The creation of
sustainable biomaterials with qualities on par with or superior to those of conventional materials
while maintaining performance and safety is a major issue. Regulatory criteria and standards for the
use of sustainable biomaterials in pharmaceutical and biomedical applications, as well as ensuring
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their scalability and cost-effectiveness, continue to be obstacles. Furthermore, removing obstacles
pertaining to perception, education, and awareness is necessary to achieve broad acceptance and
adoption of sustainable biomaterials within the pharmaceutical sector and biomedical community
[134]. Moreover, the biocompatibility of sustainable biomaterials is crucial, as certain materials may
elicit cytotoxic responses in living cells. Achieving a balance between biocompatibility and material
functionality is essential to prevent adverse effects on cell viability and function. Understanding the
mechanisms underlying the cytotoxicity of sustainable biomaterials and developing effective
strategies to mitigate these effects are ongoing challenges in the field [135]. Furthermore,
standardized methods for assessing cell toxicity of sustainable biomaterials need to be established to
ensure accurate and reproducible results across studies. Despite these challenges, continued research
efforts are focused on addressing these issues to unlock the full potential of sustainable biomaterials
in biomedicine and pharmaceuticals [130].

11. Conclusion

In conclusion, biomaterials stand at the forefront of contemporary medical and pharmaceutical
landscapes, offering versatile substrates that seamlessly interact with biological systems to enable
therapeutic interventions and medical device development. Categorized based on their constituent
materials and responsiveness to living tissues, biomaterials encompass a broad spectrum, including
polymeric materials, ceramics, metals, and composites. They exhibit varying degrees of
biodegradability, biomimicry, and biological activity, crucial for their suitability across diverse
medical disciplines. The widespread use of biomaterials in medical device fabrication, including
heart valves, dental implants, vascular grafts, and artificial organs, underscores their versatility and
importance. Advanced imaging techniques such as BSEM provide crucial insights into biomaterial
integration and tissue regeneration processes.

Moreover, the field of biomaterials is transitioning towards greater environmental
responsibility, with a focus on sustainability. Sustainable biomaterials, derived from renewable
sources, offer promising alternatives, addressing environmental concerns and promoting circularity
in biomedical research and development. Natural biomaterials, derived from organisms' life cycles,
and synthetic biomaterials from renewable resources provide sustainable solutions for various
biological applications. However, challenges remain, including the development of sustainable
biomaterials with properties comparable to traditional materials, scalability, cost-effectiveness,
regulatory requirements, and addressing cytotoxicity concerns. Standardized methods for assessing
cell toxicity of sustainable biomaterials are essential for accurate and reproducible results across
studies. In summary, biomaterials continue to revolutionize healthcare delivery, offering targeted
and sustained release of medications, advancing medical device fabrication, and contributing to
regenerative medicine. With ongoing research focused on sustainability and eco-friendly practices,
biomaterials hold immense promise in shaping the future of medicine and pharmaceuticals, driving
positive environmental outcomes, and enhancing patient care.
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PHAs - Polyhydroxyalkanoates

PGA - Polyglycolic Acid
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PLLA - Poly(L-lactic acid)
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