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Abstract

The convergence of sustainability with medical innovation in tissue engineering represents a pivotal advancement

in both biomedical science and environmental stewardship. This review article provides a comprehensive overview
of how tissue engineering integrates sustainable practices while advancing medical treatments. It delves into the core
components of tissue engineering, focusing on the development and application of biomaterials such as polymers,
metals, ceramics, composites, and decellularized materials. The article also explores cutting-edge technologies

like bioprinting, electrospinning, cell sheet engineering, and microfluidics, highlighting their contributions to creat-
ing effective and eco-friendly medical solutions. A significant portion of the review is dedicated to sustainability

and the Sustainable Development Goals (SDGs), with a particular emphasis on SDG 3 (Good Health and Well-being)
and its intersection with tissue engineering. The covers other relevant SDGs, demonstrating how sustainable bioma-
terials and technologies contribute to broader objectives such as SDG 4, 5,8, 9, 10, 11, 12, 17. Additionally, the discus-
sion extends to other indirectly relevant SDGs such as SDG 1, 2,6, 7, 13, 14, 15, 16. The article concludes with a sum-
mary of current advancements and prospects, emphasizing the importance of integrating eco-conscious approaches
in tissue engineering to achieve a sustainable and innovative medical future.
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Introduction

The Sustainable Development Goals (SDGs) act as a
global framework for achieving a more inclusive, equi-
table, and sustainable future [1]. Tissue engineering
domain which emerged in the late 1980s, to create liv-
ing, functional tissues in the laboratory for implantation
in patients, thereby advancing regenerative medicine and
personalized healthcare solutions [2]. Initially concep-
tualized to match the mechanical properties of native
tissues and minimize harmful host responses, tissue
engineering has significantly evolved, focusing now on
creating constructs that not only integrate seamlessly
with the body but also support functional restoration
through biological compatibility and sustainability. The
advent of tissue engineering has coincided with a grow-
ing global emphasis on sustainability, aligning with the
SDG@Gs established by the United Nations. The integration
of sustainable practices in tissue engineering involves
the use of eco-friendly materials in scaffold fabrication,
green manufacturing processes, and the development
of biodegradable and biocompatible biomaterials. These
efforts underscore the importance of innovative research,
collaborative partnerships, and regulatory support in
advancing both the field of tissue engineering and global
sustainability goals.

The review starts with an overview of tissue engineer-
ing, which includes an introduction, key aspects, and
applications of tissue engineering. Following this, the
review describe an overview of biomaterials, trends in
biomaterials and the critical role of biomaterials in tissue
engineering. Then, the review outlines the sustainable
technologies involved in tissue engineering, by explain-
ing the two different approaches of tissue engineer-
ing, the critical role of scaffolds in tissue engineering,
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and technological trends in tissue engineering. Then,
the review discusses sustainability and SDGs as per the
United Nation’s 2030 Agenda for Sustainable Develop-
ment. It further provides deeper insights into sustain-
ability in different fields like health care, biomedical
engineering, and tissue engineering. Subsequently, this
review explores how different biomaterials and tissue
engineering technologies address sustainability issues.
The review also analyses the biomaterials and tissue engi-
neering technologies that follow 17 sustainable devel-
opment guidelines. Finally, the review ends a summary
and future perspectives. This review attempts to inte-
grate how various aspects of biomaterials and innovative
technologies within the field of tissue engineering align
with sustainable development goals, particularly SDG 3,
and thus highlight the convergence of sustainability with
medical innovation.

Tissue engineering

Introduction to tissue engineering

Tissue engineering is an interdisciplinary field that com-
bines the concepts of life sciences, engineering, and
medicine to develop biological substitutes capable of
repairing, maintaining, or improving tissue function
(Fig. 1). This field aims to create living, functional tissues
in the laboratory that can be implanted into patients to
restore normal function or facilitate healing, thus offering
significant potential for advancing regenerative medicine
and personalized healthcare solutions [2]. Tissue engi-
neering was first introduced in the late 1980s in a meet-
ing held by the National Science Foundation in the USA
[3], while the paper entitled “Functional Organ Replace-
ment: The New Technology of Tissue Engineering” in
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Fig. 1 Cells, scaffolds and growth factors, popularly known as the triad, are key components of tissue engineering, and though a variety
of approaches it is possible to engineer a number of tissue types including hard, soft, sensory and other tissues

the year 1991 was first to use the term tissue engineer-
ing as it is known presently [4]. Tissue engineering can
be achieved through ex vivo or in situ strategies, each
with its own set of challenges and opportunities. Ex vivo
strategies involve engineering tissue constructs in the lab
before implantation, while in situ strategies involve deliv-
ering cells and/or a bioscaffold directly to the defect site
to stimulate tissue repair [5]. As an industry, tissue engi-
neering has experienced significant growth and reason-
able commercial success in recent years [6]. Classically,
tissue engineering recapitulates tissue and organ forma-
tion in our body to varying degrees, bringing together
cells in a three-dimensional (3D) fabricated environ-
ment where appropriate signals are provided for tissue
formation. In parallel, the evolution of tissue engineer-
ing research is intertwined with progress in other fields
through the examination of cell function and behavior in
isolated biomimetic microenvironments [7]. tissue engi-
neering applications now extend beyond regeneration
strategies alone, operating as a platform for modifiable,
physiologically representative in vitro models [8].

Key aspects of tissue engineering

TE requires a triad of components: (1) Harvested and
dissociated cells from the donor tissue; (2) scaffolds made
of biomaterials on which cells are attached and cultured,
then implanted at the desired site in functioning tissue;
and (3) growth factors that promote and/or prevent cell
adhesion, proliferation, migration, and differentiation
by up-regulating or down-regulating the synthesis of
protein, growth factors, and receptors. A relevant selec-
tion of cells, a biomaterial scaffold, and the presence of
appropriate signals coordinate to ultimately recreate
tissue to address the limitations of current treatments
for tissue and organ damage, such as donor shortages
and rejection issues. The interaction between the tissue
engineering triad is necessary to optimize the develop-
ment of tissue in vitro [2]. These scaffolds can be fabri-
cated from various materials, including biodegradable

polymers, which degrade over time to allow for tissue
integration and remodeling. The architecture of scaffolds,
including their porosity and mechanical properties, was
tailored to match the requirements of specific tissues,
influencing cell behavior and subsequent tissue forma-
tion [9]. Cells used in tissue engineering can be derived
from different sources, including embryonic stem cells,
bone marrow-derived mesenchymal stem cells (MSCs),
and cord-derived MSCs. These cells are capable of dif-
ferentiating into various cell types, making them suit-
able for regenerating a wide range of tissues. The choice
of cell type depends on the target tissue and the specific
requirements for regeneration. Signalling molecules,
including growth factors and cytokines, play a pivotal
role in regulating cellular activities such as proliferation,
migration, and differentiation. These molecules can be
incorporated into the scaffolds to provide localized and
sustained delivery, enhancing the regenerative potential
of the engineered tissue. The controlled release of these
signalling molecules from the scaffold ensures that cells
receive the necessary cues for appropriate tissue develop-
ment. Together these three components form the foun-
dation of tissue engineering strategies aimed at restoring,
maintaining, or improving tissue function [10].

Applications of tissue engineering

Tissue engineering has catered to create constructs that
can effectively replace or support the functions of native
tissues. The applications help in the regeneration of skin,
bone, cardiac, liver, and nerve tissues. Skin tissue engi-
neering was one of the most advanced areas, focusing on
creating grafts for burn victims and patients with chronic
wounds. Engineered skin constructs like Apligraf® and
Dermagraft® are already in clinical use [11]. Addition-
ally, advancements in 3D bioprinting allow for the pre-
cise deposition of cells and biomaterials to create layered
skin structures that mimic the complexity of natural skin
[12]. Bone tissue engineering aims to address issues such
as fractures, osteoporosis, and bone defects. Techniques
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involve the use of biocompatible scaffolds made from
materials like hydroxyapatite, tricalcium phosphate, and
bioactive glasses, which provide structural support and
promote osteogenesis [13]. Stem cells, particularly MSCs,
are commonly used to differentiate into osteoblasts. The
scaffolds are often enhanced with growth factors like
bone morphogenic protein-2 to stimulate bone growth
[14]. Cardiac tissue engineering addresses heart diseases
and myocardial infarction by developing constructs that
can repair or replace damaged heart tissue. Techniques
such as patch grafts, where engineered cardiac tissue
was applied to the infarcted area, have shown promise
in improving heart function [15]. Biomaterials includ-
ing natural polymers like fibrin and synthetic polymers
like poly (glycerol sebacate) were explored in cardiac
tissue engineering. Additionally, electrical stimulation
was often used to enhance the maturation and func-
tionality of the engineered cardiac tissue [16]. Liver tis-
sue engineering seeks to develop functional liver tissues
for transplantation and in vitro models for drug testing.
Techniques involve the use of hepatocytes or stem cells
seeded onto scaffolds. The goal was to create constructs
that can perform essential liver functions. Advances
include bioprinting liver tissues with precise architec-
ture and incorporating vascular networks to support cell
viability and function [17]. Nerve tissue engineering aims
to repair peripheral nerve injuries and spinal cord dam-
age. Techniques involve the use of scaffolds designed to
guide axonal growth and support neural cell adhesion.
Biomaterials such as poly (lactic-co-glycolic acid) (PLGA)
and chitosan are commonly used, often combined with
neurotrophic factors like nerve growth factor to pro-
mote nerve regeneration. Stem cells, including neural
stem cells and MSCs, are also utilized for their poten-
tial to differentiate into neurons and glial cells. Clinical
applications include the development of nerve conduits
for bridging nerve gaps and enhancing functional recov-
ery [18]. Tissue engineering also encompasses diverse
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applications such as corneal regeneration [19], ear carti-
lage engineering [20], and laryngeal tissue development
[21], while dental pulp regeneration provides treatments
for tooth decay and injury [22]. These examples demon-
strate the broad scope and transformative potential of tis-
sue engineering in medical interventions.

Biomaterials in tissue engineering

Introduction to biomaterials

Biomaterials play a crucial role in tissue engineering, a
field that combines engineering and biology to develop
methods for replacing or regenerating human tissues.
They are designed to provide an architectural frame-
work reminiscent of native extracellular matrix (ECM) to
encourage cell growth and eventual tissue regeneration
[23]. An important avenue of tissue engineering is the
development of biomaterials that can promote regenera-
tive processes by effectively transporting cell populations
and therapeutic agents, as well as providing structural
scaffolding that confers sufficient mechanical properties
to tissues. Moreover, the degradation rate of the bioma-
terial should ideally match the rate of new tissue forma-
tion at the implantation site, ensuring that the scaffold
supports the regenerating tissue without leaving gaps or
degrading prematurely [24]. Biomaterials have a long his-
tory of use in medical applications, such as intraocular
lenses and dental fillings, but advances in cell and molec-
ular biology, chemistry, materials science, and engineer-
ing have expanded their potential uses in clinical settings.
Over the past 50 years, the definition of the ideal bioma-
terial has evolved significantly (Fig. 2). Initially, biomate-
rials were designed to be inert, matching the mechanical
properties of native tissues and avoiding harmful host
responses [25]. Early materials included bone cement,
stainless steel, and Dacron, which were chosen for their
mechanical properties and predictable foreign body
responses. However, second-generation biomaterials,
such as titanium, bioglass, PLGA, and collagen, were

Fig. 2 Schematic indicating the widely explored classes of biomaterials, popular forms of scaffolds and key characteristics of biomaterials
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developed with bioactive properties like osseointegra-
tion, tissue integration, and biodegradation [26]. Hydro-
gels have been preferred for biomedical applications due
to their excellent biocompatibility, adaptable structures,
versatile synthesis methods, and favorable physical prop-
erties [27, 28].

A wide range of biopolymers are being used to replace
synthetic polymers across various industries, including
biomedical [29]. Additionally, there are bio-based poly-
meric materials, like proteins, polysaccharides, and ali-
phatic polyesters, that are derived from plants, animals,
or microbial synthesis, and offer eco-friendly approaches
to enhancing sustainability [30]. These polymers dif-
fer from other biopolymers and can be either biode-
gradable or non-biodegradable [31]. Materials derived
from biomass have minimal carbon footprints and pos-
sess multifunctional properties essential for promoting
sustainability [32]. One such biomaterial was bacterial
cellulose, which has been suggested for use in various
biological applications, including wound healing, the
production of artificial blood vessels, soft tissue engi-
neering, and bone tissue engineering [33].

Trends in biomaterials

Currently, the focus is on biomaterials that integrate with
adjacent tissues and enhance regenerative or reconstruc-
tive capacities. These materials are bioinductive, pro-
moting the body’s natural healing processes rather than
merely being inert placeholders. The ECM is nature’s
template for biomaterials, providing support and scaf-
folding for cell growth. Scaffold materials in tissue engi-
neering can be synthetic or naturally occurring [25].
Regardless of origin, they must support cell attachment,
maintenance, proliferation, and sometimes differentia-
tion while providing adequate structural support for the
intended site. Additionally, the host response to these
materials was critical for long-term success, especially
in pediatric patients, where the scaffold must adapt to
the growth and development of surrounding tissues [25]
. Recent advancements in biomaterials for tissue engi-
neering include the development of smart biomaterials
that respond to external stimuli such as temperature,
pH, magnetic, or electric fields. These materials offer
dynamic properties that can better mimic natural tis-
sue behavior. For instance, 3D and 4D bioprinting tech-
nologies have enabled the creation of complex, tissue-like
structures that can change over time in response to
environmental changes [34]. The clinical translation of
tissue engineering strategies relies heavily on advance-
ments in biomaterial development. While the application
of these materials in pediatric patients remains limited,
ongoing research aims to improve our understanding of
the molecular environment during tissue regeneration,
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ultimately enhancing the effectiveness of tissue engineer-
ing approaches [25].

Critical role of biomaterials in tissue engineering
Biomaterials, that make scaffolds, play a critical role in
tissue engineering, providing a platform for cell attach-
ment and growth; therefore, the influence of scaffold
characteristics on cell behavior is a key area of study
[35]. Scaffolds direct the growth of cells seeded within
the porous structure of the scaffold. Biomaterials signifi-
cantly influence the fate of tissue engineering through
their surface chemistry, mechanical properties, degrada-
tion profiles, and ability to deliver bioactive molecules
[36]. Surface chemistry is critical as it affects protein
adsorption, cell adhesion, and subsequent cell behavior.
For instance, materials with specific cell-binding domains
such as RGD (arginine-glycine-aspartic acid) can enhance
cell adhesion, which is essential for tissue regeneration
. Additionally, the surface modification of biomaterials
with bioactive molecules like peptides and growth factors
can further promote cell proliferation, migration, and dif-
ferentiation [37]. The degradation rate of biomaterials is
another vital aspect that influences tissue regeneration.
An optimal degradation rate ensures that the scaffold
provides adequate support for new tissue formation but
degrades at a pace that does not impede the reconstruc-
tion process. Incorporating enzyme-sensitive peptides
into biomaterials can control degradation rates, facilitat-
ing a balance between scaffold support and degradation
[38].

Mechanical properties such as stiffness and elasticity
also play a crucial role. They must match the native tis-
sue’s properties to support cell growth and tissue forma-
tion. For example, materials engineered for bone tissue
engineering often include components like hydroxyapa-
tite to provide the necessary mechanical strength [34].
The mechanical environment can influence cellular
processes, including stem cell differentiation and tissue
morphogenesis. Surface topology, including micro- and
nanoscale patterning, can direct cellular responses even
in the absence of biochemical signals [36]. Studies have
shown that features such as particle shape and surface
roughness can affect cell adhesion, proliferation, and dif-
ferentiation. For instance, specific topographical cues can
induce stem cells to differentiate into particular lineages,
aiding in the development of functional tissues. Further-
more, the delivery of bioactive molecules through bio-
materials is essential for guiding tissue regeneration [39].
Growth factors and peptides can be coupled with scaf-
folds to promote specific cellular activities. For example,
biomaterials can be designed to release growth factors in
a controlled manner to enhance angiogenesis and osteo-
genesis, vital for the regeneration of complex tissues such
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as bone and cartilage. The integration of biomaterials
with the ECM components is also crucial. The ECM pro-
vides structural and biochemical support to surrounding
cells, influencing cell behavior and tissue development.
Biomaterials mimicking the ECM’s properties can facili-
tate better integration with host tissues, promoting more
effective tissue regeneration [40]. When a scaffold is
implanted into the affected area, it should provide struc-
tural support for cell adhesion, proliferation, migration,
and differentiation, promoting cellular activity similar to
the in vivo environment. Additionally, it should allow for
the controlled release of growth factors to regulate cell
proliferation, viability, and differentiation [41].

Technologies in tissue engineering

Introduction to tissue engineering approaches

Tissue engineering involves the fabrication of tissue
constructs either in a bottom-up or top-down approach
(Fig. 3). In the bottom-up approach, small building
blocks such as cells, micro-tissues, or scaffolding mate-
rials are assembled to create more complex structures.
This method focuses on the self-organization and self-
assembly properties of cells and biomaterials, allowing
for the precise design and fabrication of tissue constructs
from the molecular or cellular level. Techniques like
3D bioprinting, layer-by-layer assembly, and the use of
cell-laden hydrogels are common in bottom-up tissue
engineering [42]. These techniques enable the creation
of highly detailed and customizable tissue structures
by placing cells and materials exactly where needed to
mimic the natural architecture of tissues. 3D bioprint-
ing, for example, involves the deposition of cell-laden
bio-inks layer by layer to build complex tissue constructs.
This technique allows for high precision and control
over the placement of different cell types and materials,

Cell-laden micro-tissues
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A 4
TE construct
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facilitating the creation of heterogeneous and functional
tissues. The bottom-up approach also includes methods
like organoid culture, where stem cells are guided to form
miniaturized and simplified versions of organs, which can
be used for disease modeling, drug testing, and regenera-
tive medicine [43].

In contrast, the top-down approach starts with a pre-
existing bulk material or scaffold, which is then shaped
and modified to achieve the desired tissue structure.
Techniques like electrospinning, freeze-drying, and
molding are commonly used to create scaffolds with spe-
cific shapes and properties that support cell attachment,
proliferation, and differentiation. Electrospinning, for
instance, produces nanofibrous scaffolds that mimic the
fibrous structure of natural ECM, providing a conducive
environment for cell growth and tissue regeneration [44].
Freeze-drying can create porous scaffolds with high sur-
face area, enhancing nutrient diffusion and cell infiltra-
tion. These top-down techniques leverage the inherent
advantages of pre-existing materials and structures to
guide tissue formation, often resulting in constructs that
closely resemble the native tissue in terms of architec-
ture and mechanical properties [45]. This approach also
involves the use of decellularized tissues or organs, which
retain the natural ECM architecture and mechanical
properties of the original tissue [46]. The decellularized
scaffold is then repopulated with patient-specific cells to
regenerate functional tissues.

Both the bottom-up and the top-down methods have
their unique advantages and challenges. The bottom-up
approach allows for greater control over the microarchi-
tecture and composition of the tissue, making it suit-
able for creating complex and heterogeneous structures.
However, it can be limited by the difficulty in scaling
up to larger tissue constructs. The top-down approach

3D Bioprinting ‘

Electrospinning ‘

Porosity

Cell sheet engineering ‘

( ) Microfluidics ‘

Stem cell technology ‘

) Decellularization ‘

Fig. 3 Schematic showing the bottom-up and top-down approaches, scaffold features that influence the overall cell response, and various popular

technologies explored in tissue engineering
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benefits from the use of natural scaffolds with inherent
biological cues, but it may face challenges in achieving
precise control over the microenvironment and integrat-
ing different cell types and materials.

Critical role of scaffold in tissue engineering

Scaffolds in tissue engineering are essential for directing
cell behavior, tissue formation, and integration with host
tissues. Their properties, such as porosity, mechanical
strength, degradation rate, and surface characteristics,
significantly influence the overall fate of the engineered
tissue. Porosity is a key scaffold property that affects cell
infiltration, nutrient diffusion, and waste removal [47].
Highly porous scaffolds provide ample space for cells
to migrate and proliferate, which is essential for tissue
regeneration. The size and interconnectedness of pores
are crucial for vascularization, which supplies the engi-
neered tissue with oxygen and nutrients. Optimal pore
sizes vary depending on the type of tissue being engi-
neered. For example, larger pores are typically beneficial
for bone tissue engineering, while smaller pores are bet-
ter suited for skin or cartilage regeneration. Mechanical
strength and stiffness of the scaffold are also vital; scaf-
folds must mimic the mechanical properties of the target
tissue to provide appropriate cues for cell differentiation
For instance, softer scaffolds are preferred for neural or
adipose tissues, whereas stiffer scaffolds are necessary for
bone or cartilage tissues [48]. The mechanical proper-
ties influence mechano-transduction, where cells convert
mechanical stimuli into biochemical signals, affecting
gene expression and cell behavior. This property ensures
that cells experience a similar environment to their native
tissue, promoting proper tissue formation and function
[49].

The degradation rate of the scaffold must be carefully
controlled to match the rate of new tissue formation. A
scaffold that degrades too quickly may not provide suffi-
cient support for cells, while one that degrades too slowly
can impede tissue integration and function. Biodegrad-
able materials like polylactic acid (PLA) and polyglycolic
acid are commonly used for their ability to break down
into non-toxic byproducts, which are then absorbed or
excreted by the body. The degradation products should
not induce inflammation or toxicity, ensuring a safe envi-
ronment for tissue regeneration [50]. Surface character-
istics, including topography and chemical functionality,
play a significant role in cell adhesion, proliferation, and
differentiation. Surface modifications, such as coating
with ECM proteins (e.g., collagen, fibronectin) or incor-
porating bioactive molecules (e.g., growth factors), can
enhance cell-scaffold interactions [51]. Nanoscale fea-
tures on the scaffold surface can mimic the natural ECM,
providing cues that promote cell attachment and growth.

(2024) 1:20

Page 7 of 16

Techniques like electrospinning can create nanofibrous
scaffolds that replicate the fibrous nature of native tis-
sues, supporting cellular behavior and tissue develop-
ment [52].

Nanoscale scaffolds offer a higher surface area-to-
volume ratio compared to microscale scaffolds, which
can enhance cell adhesion and proliferation. Nanoscale
features provide more precise topographical cues that
mimic the natural ECM, promoting more natural cellu-
lar behaviours. Microscale scaffolds, however, can better
facilitate cell infiltration and nutrient diffusion, which
is crucial for the survival and function of larger tissue
constructs. These scaffolds often support the formation
of more substantial tissue masses and can be designed
to include macroscopic features that aid in vasculariza-
tion, a critical aspect of the viability of engineered tissues
[53]. The interplay between these scaffold properties ulti-
mately determines the success of the tissue engineering
endeavour. By carefully designing and optimizing scaf-
fold characteristics, researchers can create environments
that closely mimic natural tissues, guiding cells toward
the desired outcomes. This approach not only enhances
the functional integration of engineered tissues but also
improves the clinical applicability and success rates of tis-
sue engineering therapies [54].

Technological trends in tissue engineering
Tissue engineering employs a variety of technologies to
create functional tissues and organs, each with distinct
methodologies and applications. One key technology is
3D bioprinting, which utilizes layer-by-layer deposition
of bio-inks containing cells and biomaterials to fabricate
complex tissue constructs. This technique allows for pre-
cise placement of cells and ECM components, enabling
the creation of tissues with intricate architectures. For
example, researchers have used 3D bioprinting to cre-
ate skin grafts, cartilage, and vascularized tissues, dem-
onstrating its potential for personalized medicine and
complex tissue reconstruction [55]. Electrospinning is
a technique used to produce nanofibrous scaffolds that
mimic the fibrous structure of a natural ECM. These scaf-
folds provide a conducive environment for cell attach-
ment, proliferation, and differentiation, making them
suitable for applications in wound healing, nerve regen-
eration, and vascular grafts. Electrospun scaffolds have
been successfully used to create artificial blood vessels
and support the regeneration of peripheral nerves [56].
Microfluidics technology involves the manipulation of
fluids at the microscale to create controlled microenvi-
ronments for cell culture and tissue engineering. Micro-
fluidic devices can mimic the physiological conditions
of tissues, allowing for the study of cell behaviors, drug
testing, and the creation of tissue models. For instance,
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microfluidic chips have been used to create liver-on-
a-chip models for drug toxicity testing and to develop
vascularized tissue constructs for studying angiogenesis
[57]. Organoid culture is a technology that uses stem cells
to create miniaturized and simplified versions of organs
in vitro. These organoids can recapitulate key aspects
of organ development, function, and disease, providing
valuable models for basic research, drug discovery, and
regenerative medicine. Organoids have been developed
for various tissues, including the brain, intestine, kidney,
and liver, offering insights into tissue-specific physiology
and pathology [58].

Stem cell technology is fundamental to tissue engineer-
ing, as it provides a source of cells capable of differenti-
ating into various tissue types. Induced pluripotent stem
cells and embryonic stem cells can be directed to form
specific cell types and tissues, enabling the creation of
patient-specific tissue constructs. Stem cell-derived tis-
sues have been explored for applications in cardiac repair,
spinal cord injury, and diabetes treatment [59]. Another
important technology is decellularization, which involves
removing cellular components from donor tissues or
organs, leaving behind a scaffold composed of ECM. This
scaffold retains native tissue architecture and mechanical
properties, making it an ideal template for recellulariza-
tion with patient-specific cells. Decellularized scaffolds
have been used to engineer heart valves, lungs, and liver
tissues, offering promising solutions for organ transplan-
tation without the risk of immune rejection [60].

These technologies highlight innovative solutions for
tissue repair and regeneration. The continuous advance-
ment in these technologies holds promise for address-
ing the growing need for functional tissues and organs in
regenerative medicine and transplantation.

Sustainability and sustainable development goals
Introduction to sustainability and sustainable
development goals

Sustainability is defined as development that meets the
needs of the present without compromising the ability
of future generations to meet their own needs. Adopted
by all United Nations Member States in 2015 as part
of the 2030 Agenda for Sustainable Development, the
SDG@Gs build on decades of work by countries and the UN,
including the Millennium Development Goals. SDGs
are a collection of 17 interlinked global goals designed
to achieve a better and more sustainable future for all.
The SDGs cover a broad range of social, economic, and
environmental development issues and aim to address
the global challenges we face, including poverty, inequal-
ity, climate change, environmental degradation, peace,
and justice. They are unique in that they call for action
by all countries, developed and developing, to promote
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prosperity while protecting the planet. Technically, the
SD@Gs are grounded in a comprehensive set of 169 specific
targets that are measurable and time-bound. Each goal
has specific targets to be achieved over the next 15 years.
The targets are designed to be monitored through a set
of indicators developed by the Inter-Agency and Expert
Group on SDG Indicators. A key feature of the SDGs is
their universality. Technological innovation and digital
transformation also play critical roles in advancing the
SDGs. Partnerships and collaboration among govern-
ments, the private sector, civil society, and international
organizations are crucial for the success of the SDGs. The
goals explicitly acknowledge the need for multi-stake-
holder partnerships to mobilize and share knowledge,
expertise, technology, and financial resources.

Sustainability in healthcare

Healthcare is primarily addressed in SDG-3 "Ensure
healthy lives and promote well-being for all at all ages".
This goal encompasses a wide range of targets aimed at
improving health outcomes, reducing mortality rates,
and addressing global health challenges. SDG-3 includes
9 targets (Fig. 4) which aim to: (3.1) reduce the global
maternal mortality ratio to less than 70 per 100,000 live
births; (3.2) end preventable deaths of newborns and
children under 5 years of age; (3.3) end the epidemics of
AIDS, tuberculosis, malaria, and neglected tropical dis-
eases, and combat hepatitis, water-borne diseases, and
other communicable diseases; (3.4) reduce by one-third
premature mortality from non-communicable diseases
(NCDs); (3.5) strengthen the prevention and treatment of
substance abuse; (3.6) halve the number of global deaths
and injuries from road traffic accidents; (3.7) ensure
universal access to sexual and reproductive health-care
services, and the integration of reproductive health into
national strategies and programs; (3.8) achieve universal
health coverage, access to quality essential health-care
services, and access to safe, effective, quality, and afford-
able essential medicines and vaccines for all; (3.9) sub-
stantially reduce the number of deaths and illnesses from
hazardous chemicals and air, water, and soil pollution
and contamination; and other means of implementation
for the targets viz. (3a) strengthen the implementation
of the World Health Organization Framework Conven-
tion on Tobacco Control in all countries, as appropriate;
(3b) support the research and development of vaccines
and medicines for the communicable and NCDs that
primarily affect developing countries, provide access to
affordable essential medicines and vaccines, and ensure
that intellectual property rights do not undermine this
goal, in line with the Doha Declaration; (3c) substantially
increase health financing and the recruitment, develop-
ment, training, and retention of the health workforce
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Fig. 4 Schematic indicating the set of targets under ‘sustainable development goal 3 — good health and wellbeing'as established by the United

Nations

in developing countries, especially in least developed
countries and small island developing states; and (3d)
strengthen the capacity of all countries, particularly
developing countries, for early warning, risk reduction,
and management of national and global health risks.

Sustainability in biomedical engineering

Biomedical engineering drives the creation of cutting-
edge healthcare infrastructure, including advanced medi-
cal facilities equipped with state-of-the-art technology.
These innovations not only improve patient outcomes
but also stimulate economic growth through the devel-
opment of a robust biomedical industry. Apart from
contributing to SDG 3, the advancement of biomedical
technologies also contributes to SDG 9, which focuses
on building resilient infrastructure, promoting inclusive
and sustainable industrialization, and fostering innova-
tion. Biomedical engineering also intersects with SDG
12, which advocates for responsible consumption and
production. And, the implementation of circular econ-
omy principles, where medical devices are designed for
durability, reuse, and recyclability, also aligns with SDG
12. Sustainable design and manufacturing practices in
the development of medical devices are crucial in mini-
mizing environmental impact. Utilizing biodegradable
materials for implants and reducing the use of hazard-
ous substances in medical equipment production are
steps toward achieving this goal. SDG 4, which focuses
on quality education, is also relevant to biomedical engi-
neering. Providing education and training in biomedical
engineering not only equips individuals with the skills
needed to innovate in the healthcare sector but also fos-
ters a knowledgeable workforce capable of addressing
complex health challenges. Finally, the pursuit of SDG 17,
which emphasizes strengthening the means of implemen-
tation and revitalizing the global partnership for sustain-
able development, is essential in biomedical engineering.

For example, public—private partnerships in biomedical
research and development can lead to the creation of
affordable healthcare solutions tailored to the needs of
developing countries, addressing disparities in healthcare
access and quality.

Sustainability in tissue engineering

Biomaterials such as polymers, metals, ceramics, com-
posites, and decellularized materials, coupled with cut-
ting-edge technologies like bioprinting, electrospinning,
decellularization, cell sheet engineering, and microfluid-
ics, are pivotal in advancing the SDGs. The innovations
in biomaterials and tissue engineering technologies drive
transformative changes across healthcare, environmental
sustainability, and economic growth. By enabling precise
tissue engineering, sustainable resource management,
and enhanced medical treatments, biomaterials and
associated technologies contribute significantly to global
efforts aimed at achieving sustainable development and
improving quality of life worldwide (Fig. 5).

SDG-3 in tissue engineering

Biomaterials and tissue engineering have immense
potential to transform healthcare and medical treatment,
and therefore, contribute significantly towards SDG 3.
For instance, a key target of SDG 3, is maternal mortal-
ity, which aims to reduce the global maternal mortal-
ity ratio to less than 70 per 100,000 live births by 2030.
Various tissue engineering methods and biomaterials are
being developed to support maternal health and reduce
mortality, which also comes under target 1 of SDG 3.
For instance, innovative biomimetic materials can be
employed to create placenta-on-a-chip devices that
simulate placental function, allowing for detailed phar-
macokinetic studies and a better understanding of drug
impacts during pregnancy [61]. Additionally, advance-
ments in silk-based biomaterials have shown promise in
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treating cervical insufficiency, a condition that can lead
to preterm birth and increased maternal mortality. These
biomaterials, particularly hydrogel systems like alginate,
collagen, and fibrin, provide a minimally invasive method
to reinforce the cervix, reducing the risk of premature
delivery. Biomaterials are being used to develop in vitro
models that replicate the female reproductive system,
providing crucial insights into conditions like preterm
birth, which significantly contributes to maternal mor-
tality [62]. These models allow researchers to study the
physiological and pathological states of reproductive
tissues under controlled conditions. Additionally, new
hydrogel technologies are being investigated to address
postpartum hemorrhage, a leading cause of maternal
death. These hydrogels can be applied directly to bleeding
sites to promote clotting and reduce blood loss effectively
. Efforts to integrate biomaterials in clinical applications
are further supported by a dedicated funding stream for
women’s health bioengineering, emphasizing the impor-
tance of targeted research and development in this field
[63].

Advancements in biomaterials and tissue engineering
hold significant promise for achieving SDG 3, specifi-
cally Target 2, which aims to end preventable deaths of
newborns and children under five. In pediatric tissue
engineering, biomaterial scaffolds have been developed
to create functional environments conducive to tissue
growth and repair. These scaffolds are crucial for neo-
natal and pediatric applications due to their ability to
support cell growth, deliver drugs, and integrate with
the host’s biological systems, thereby reducing the
risk of mortality in young patients. The field of tissue

engineering has seen remarkable progress in managing
congenital heart diseases, a leading cause of neonatal
mortality [64]. Traditional treatments using synthetic
grafts face challenges like thrombosis, infection, and
limited growth potential. Tissue-engineered solutions,
such as biodegradable scaffolds for vascular grafts,
heart patches, and valves, offer a promising alterna-
tive. These scaffolds can grow and remodel within the
patient, providing long-term solutions that adapt to the
changing physiology of growing children [64].

The integration of biomaterials and tissue engineering
methods offers promising strategies to combat infec-
tious diseases, enhance therapeutic outcomes, and sup-
port the regeneration of damaged tissues, thus aligning
with the goals of SDG 3, target 3. Engineered biomate-
rials play a crucial role in enhancing vaccine efficacy by
stabilizing antigens, organizing antigen presentation,
recruiting antigen-presenting cells, and delivering anti-
gens to lymph nodes, thereby supporting and boosting
effective immune responses. For instance, mesoporous
silica rods have been developed for in situ modula-
tion of host immune cells, showcasing their potential
to create effective vaccines against infectious diseases
[65]. Hydrogels, particularly injectable hydrogels, pro-
vide a versatile platform for delivering a wide variety
of therapeutics due to their high biocompatibility, tun-
able physicochemical properties, and controlled release
profiles. Moreover, biomaterials can be engineered to
provide local immunomodulation, which is critical in
managing infections by controlling immune responses
and preventing tissue damage. Tissue engineering also
contributes significantly to SDG 3 by promoting the
regeneration of tissues damaged by infections [66].
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Biomaterials and tissue engineering provide innova-
tive solutions for treating and managing NCDs, such as
cardiovascular diseases, diabetes, and musculoskeletal
disorders, as part of SDG-3, target 4. For example, tissue-
engineered vascular grafts and cardiac patches are being
developed to repair damaged heart tissues and blood ves-
sels, significantly improving the survival rates and qual-
ity of life for patients with cardiovascular diseases [67].
These advanced therapies offer regenerative solutions
that traditional treatments cannot provide, addressing
the root causes of tissue damage and promoting long-
term health benefits. The development of biocompatible
and biodegradable biomaterials enhances the effective-
ness of medical implants and devices used in treating
NCDs. For instance, bioresorbable stents made from
materials like PLA are designed to dissolve after fulfilling
their purpose, reducing complications associated with
permanent implants [68]. Additionally, by using patient-
specific cells and biomaterials, scientists can engineer
tissues and organs tailored to the individual's unique
biological profile. This personalized approach enhances
the effectiveness of treatments, reduces the likelihood of
rejection, and accelerates recovery times [69].

Tissue engineering technology is being adopted to
restore reproductive functions affected by disorders such
as infertility and sexual dysfunction. Biomaterial-based
drug delivery systems are being designed to provide con-
trolled and sustained release of contraceptives, enhanc-
ing their effectiveness and convenience. Biomaterials like
alginate, collagen, and hyaluronic acid are being exten-
sively used in facilitating in vitro follicle culture systems
that restore fertility for female patient’s post-cancer treat-
ments [70]. Advanced biomedical engineering technolo-
gies, including microfluidic chips and 3D printing, have
been developed to address reproductive health chal-
lenges. These technologies offer precise control over the
reproductive microenvironment, improving outcomes in
assisted reproductive technology and contraception [71].
Biomaterial-based scaffolds and implants are designed to
provide structural support and promote the regeneration
of pelvic floor tissues, offering minimally invasive treat-
ment options that improve health outcomes and recovery
times [72]. This integration aligns with the goals of SDG
3, Target 7, promoting well-being and healthy lives for all
ages.

Biomaterials and tissue engineering technologies could
also contribute to other targets of SDG3. For instance,
tissue-engineered skin grafts and bone scaffolds can sig-
nificantly improve recovery outcomes for accident vic-
tims by promoting faster and more effective healing of
severe wounds and fractures [73]. These technologies
enhance trauma care and reduce the long-term impact of
injuries, and thus contribute towards target 6 of SDG-3.
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The development of cost-effective biomaterials and scal-
able tissue engineering technologies can make advanced
medical treatments more accessible and affordable. These
innovations contribute to achieving universal health
coverage by providing high-quality, affordable medical
solutions, part of target 8 of SDG-3. Tissue-engineered
models of the liver and lungs can be used to study the
toxicological impacts of pollutants and develop strategies
to reduce exposure and harm [74]. These models ena-
ble more accurate assessments of how pollutants affect
human tissues, leading to better regulatory policies and
protective measures; and thus, contribute towards target
9 of SDG-3. An indicative list of how tissue engineering
aligns with specific targets under SDG 3 (Good Health
and Well-being) is presented in Table 1.

Associated SDGs in tissue engineering

Biomaterials and technologies in tissue engineering are
intricately linked with several other SDGs. For instance,
tissue engineering contributes to SDG 4 (Quality Edu-
cation) by enhancing educational experiences through
innovative learning tools like bioprinted tissues and
organ models, providing hands-on experience and a
deeper understanding of human anatomy and disease
mechanisms [77]. Promoting gender equality (SDG 5) in
tissue engineering involves initiatives like targeted schol-
arships, mentorship programs, and inclusive policies to
support women’s participation and professional growth
in STEM fields. Towards SDG 8 (Decent Work and Eco-
nomic Growth), the tissue engineering sector drives eco-
nomic growth and job creation across biotechnology,
pharmaceuticals, and healthcare, with various companies
generating high-skilled employment opportunities [6]. As
part of SDG 9 (Industry, Innovation, and Infrastructure),
tissue engineering fosters industry innovation through
advanced technologies like 3D bioprinting, electrospin-
ning, and microfluidics, and establishes robust research
infrastructure via partnerships between academia, pri-
vate companies, and government agencies [78].

Besides, developing cost-effective biomaterials and
scalable technologies ensures that advanced medical
treatments are accessible in low- and middle-income
countries, reducing health disparities and promoting
equitable healthcare; therefore, contributing towards
SDG 10 (Reduced Inequality). As part of SDG 11 (Sus-
tainable Cities and Communities), minimizing medical
waste by using biodegradable biomaterials, using bio-
printing technologies to mass produce tissues for highly
demanding urban populations, integration of smart tech-
nologies contributes to the development of sustainable
healthcare system in urban settings [79]. Further, the use
of renewable and biodegradable materials in tissue engi-
neering, such as silk fibroin from seri-farming, reduces
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Table 1 Anindicative list of how tissue engineering aligns with specific targets under SDG 3 (Good Health and Well-being), along with

relevant references

SDG 3 target How tissue engineering aligns Citations

3.1. Maternal mortality Tissue engineering enhances maternal health through regenerative therapies that reduce childbirth  [61-63]
complications and by creating 3D models that enable us to study maternal health-associated compli-
cations

3.2. Neonatal and child mortality Tissue-engineered biomaterials support neonatal health by improving care for preterm infants, [64, 75]
including tissue and organ development

3.3. Infectious diseases Innovative tissue-engineered solutions provide new approaches to developing 3D models that ena- 65, 66]
ble us to better understand infectious disease biology and develop novel therapeutics to combat
infections

3.4.Non communicable diseases By using tissue-engineered heart valves and patches, regenerative medicine addresses non-commu-  [67-69]
nicable diseases, such as cardiovascular conditions

3.6. Road traffic Tissue-engineered skin grafts, bone grafts and so on can significantly improve the recovery outcomes [13, 14, 73]
for victims of road traffic accidents

3.7.Sexual and reproductive health  Drug delivery systems for contraceptives, in vitro follicle culture and other advanced tissue engineer-  [70-72]
ing approaches are being explored to address reproductive health challenges

3.9. Environmental health Sustainable biomaterials in tissue engineering reduce the impact of hazardous chemicals, contrib- [74, 76]

uting to safer health environments. Also, tissue engineering models are being developed to study
the toxicological impacts of pollutants and develop strategies to reduce exposure and harm

environmental impact and aligns with SDG 12 (Respon-
sible Consumption and Production) [80]. Last but not
least, achieving SDGs through tissue engineering relies
on strong partnerships (SDG 17) across academia, indus-
try, government, and NGOs, with initiatives like the tis-
sue engineering and Regenerative Medicine International
Society fostering global collaboration and knowledge
exchange [81].

Other SDGs in tissue engineering

By advancing medical science and promoting sustain-
able practices, biomaterials and technologies in tissue
engineering contribute to the broader objectives of sus-
tainable development in various indirect ways, includ-
ing SDG 1 (No Poverty), SDG 2 (Zero Hunger), SDG 6
(Clean Water and Sanitation), SDG 7 (Affordable and
Clean Energy), SDG 13 (Climate Action), SDG 14 (Life
Below Water), SDG 15 (Life on Land), and SDG 16
(Peace, Justice, and Strong Institutions). For instance,
sustainable practices in the production and disposal of
biomaterials and tissue engineering products help mini-
mize water usage, pollution including micro-plastics, and
overall environmental impact. The development of sus-
tainable biomaterials and tissue engineering technologies
with low carbon footprints contributes to climate change
mitigation. Biomaterials derived from marine organ-
isms, such as chitosan from crustacean shells, are used
in tissue engineering applications, supporting sustainable
resource utilization and reducing waste [82]. These prac-
tices help protect marine ecosystems and promote the
sustainable use of ocean resources. Tissue engineering
technologies promote the sustainable use of terrestrial

ecosystems; for instance, silk fibroin from silk cocoons
can be used in applications such as tissue scaffolds for
regenerative medicine, contributing to the conserva-
tion of biodiversity and the sustainable use of land-based
resources [80]. Lastly, by ensuring that advanced medical
treatments are accessible and affordable to all, including
marginalized and low-income populations, tissue engi-
neering promotes social equity and justice.

Challenges and future outlook

The future direction of tissue engineering is poised to
be defined by its capability to integrate both technologi-
cal advancements and sustainable practices, which is
especially critical in the realm of UN SDGs. Tissue engi-
neering has historically focused on three core elements
viz. cell-based, growth factor-based, and scaffold-based
approaches. However, with increasing awareness of envi-
ronmental impacts and medical innovation, future trends
must address both functional medical requirements and
sustainability goals.

However, implementing sustainability principles in
tissue engineering to comply with UN SDGs faces sev-
eral challenges. For instance, sourcing eco-friendly and
sustainable biomaterials that maintain quality and bio-
compatibility is challenging, as many traditional materi-
als are derived from non-renewable resources or involve
energy-intensive processes. Next, sustainable prac-
tices, including using green materials and processes,
often have higher initial costs, making it difficult for
tissue engineering solutions to be economically com-
petitive. Next, techniques like 3D printing, scaffold fab-
rication, and sterilization processes are energy-intensive,
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posing challenges in reducing the carbon footprint with-
out compromising the quality of engineered tissues.
Next, developing effective waste management strategies
for bio-based and synthetic materials, including disposal
of laboratory waste and chemical residues, is a challenge.
Next, scaling up sustainable tissue engineering pro-
cesses while ensuring reproducibility and standardiza-
tion can be complex, particularly when using diverse and
innovative materials. Next, meeting both sustainability
standards and regulatory requirements for clinical use
is demanding, as guidelines for eco-friendly practices in
the biomedical sector are still evolving. Next, conduct-
ing comprehensive life cycle assessment to evaluate the
environmental impact of tissue-engineered products
throughout their lifespan is challenging due to the com-
plexity of manufacturing processes and the lack of stand-
ardized metrics. Next, sustainability in tissue engineering
requires collaboration between biologists, engineers,
environmental scientists, and economists, which can
be challenging to coordinate effectively. Further, there
is lack of awareness and training on sustainability prac-
tices among researchers, manufacturers, and healthcare
professionals within the tissue engineering field. Lastly,
convincing stakeholders, including clinicians, industry
partners, and the public, to adopt sustainable practices is
challenging.

Yet, these challenges in implementing sustainability in
tissue engineering present several opportunities and a
positive future outlook. First, advancing bio-based poly-
mers, recycled materials, and upcycled biowaste offers
eco-friendly alternatives without compromising bio-
compatibility. Next, automated fabrication, 3D bioprint-
ing, and scalable bioreactor systems can reduce costs,
making sustainable products more economically viable.
Next, integrating renewable energy and low-energy tech-
niques can significantly reduce the carbon footprint of
tissue-engineered products. Next, biodegradable scaf-
folds, closed-loop systems, and chemical recycling can
enhance waste management, leading to sustainable labo-
ratory practices. Next, establishing clearer guidelines and
international standards for sustainable tissue engineering
will facilitate compliance and clinical translation. Next,
robust life cycle assessment tools tailored for biomedi-
cal products will help optimize processes and minimize
environmental impact. Next, increased collaboration
among diverse experts can drive innovations balancing
sustainability and biomedical efficacy. Next, expand-
ing training and educational programs will create a new
generation of researchers skilled in sustainable practices.
Next, rising demand for eco-friendly medical products
can drive industry investments in sustainability and cre-
ate market advantages. Lastly, emphasizing reuse, recy-
cling, and upcycling of materials aligns tissue engineering
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with circular economy principles, reducing waste and
resource consumption.

Summary

In summary, tissue engineering has evolved to incorpo-
rate a wide range of biomaterials such as polymers, met-
als, ceramics, composites, and decellularized materials.
These materials are engineered to mimic the ECM, pro-
viding structural and functional support for cell growth
and tissue regeneration. Technologies such as bioprint-
ing, electrospinning, decellularization, cell sheet engi-
neering, and microfluidics have further enhanced the
precision and efficiency of creating complex tissue con-
structs. The integration of these technologies with sus-
tainable practices pave the way for environmentally
friendly and ethically responsible medical solutions. The
alignment of tissue engineering with SDG 3 is evident
through the development of advanced medical treat-
ments that improve health outcomes and accessibility.
Additionally, the field’s contributions to SDGs 4, 5, 8, 9,
10, 11, 12 and 17 highlight its broader impact on social
and economic development. Furthermore, tissue engi-
neering indirectly supports SDGs 1, 2, 6, 7, 13, 14, 15 and
16 by promoting sustainable practices, reducing environ-
mental impact, and fostering inclusive opportunities. As
tissue engineering continues to evolve, the emphasis on
affordability and accessibility, especially in low-resource
settings, will ensure that the field not only meets medi-
cal needs but also fosters social equity. Overall, tissue
engineering represents a transformative domain that can
achieve sustainable healthcare solutions, advancing both
human health and environmental stewardship.
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