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Abstract
Smart and intelligent biomaterials can be designed to carry out
special tasks in modern medicine and sustainability, and
engineered to identify and respond to environmental stimuli.
Therefore, intelligent biomaterials have a large number of ap-
plications that can go from health (e.g. tissue engineering, drug
delivery and biosensors), to more recently explored environ-
mental applications involving ecosystem restoration (e.g. coral
reefs and environmental remediation). The use of 3D printing
technology opens the vision towards automated bio-
manufacturing with more precision and definition. With this
broad range of applications, smart and intelligent biomaterials
are used separately or in combination with 3D printing to
enable the design of eco-friendly and sustainable solutions that
can be used to overcome challenges for both; modern medi-
cine and the environment.
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Introduction
In a constantly-changing world, the ambition of human
society heightens to drive and pursue new technologies
that are not only better in their application, but in their
whole process. Technological advances in the develop-
ment of intelligent and smart biomaterials can strongly
contribute towards designing sustainable solutions. By

definition, a smart material can perceive and respond to
its surroundings; however, it cannot improve or optimize
its response. On the other hand, an intelligent material
is capable of comprehending experiences, is self-aware
of its surroundings, and can respond purposefully,
thus, being able to improve and optimize its response.
Therefore, the material can interact according to the
situation [1,2]. These stimuli can be categorized into
physical (light, magnetism, electricity, temperature and
ultrasound), chemical (pH, solvents, ionic strength) and
biological (hypoxia, glucose level, enzymes, oxidative

stress) [3e6]. Hence, smart materials’ response to
stimuli can be user-defined (light, temperature, pH,
electromagnetic fields, ultrasound) or triggered by cell/
tissue-dictated (enzyme secretion, protein in-
teractions). In contrast to the previous definitions, more
traditional or normal materials are restricted in several
functionalities like their adaptability, self-control, sus-
tainability and intelligence, which are key characteris-
tics required in novel biomaterials [1,3].

A key element present in intelligent and smart materials

is that their structural composition enables the active
communication through its matrix and to the environ-
ment; for instance, hydrogel-based materials enable
smart communication between surrounding bio-
molecules and nutrients while maintaining biocontain-
ment of engineered microorganisms within their matrix
[7e9]. For this reason, intelligent and smart bio-
materials provide interesting, eco-friendly, and sustain-
able potential solutions to address contemporary
challenges. These can be applied in the medical field as
an alternative to reconstructive surgeries, for cases such
as injuries, birth defects, treatment for obesity-which is

linked to other diseases such as diabetes, heart diseases
and chronic illnesses-and even prevent skin damage
caused by excessive ultraviolet exposure (UV light)
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[10e12]. However, they are not exclusive for clinical
application since they can also be exploited for the
development of solutions to address environmental
challenges such as climate change [13]. For instance,
novel solutions can be developed to mitigate coral
bleaching [14e16], which disrupts the coral symbiotic
relationship with the coral and its zooxanthellae,
exposing the coral to diseases that could even lead to

death.

The development of smart materials unlocks the po-
tential to enhance materials to act as stimuli responsive
building blocks, biosensor, scaffolding material, or as a
material that reacts with time for regenerative medicine.
A technique that can especially open a pathway to a
diverse number of applications, incorporating smart and
intelligent biomaterials with 3D printing, is direct ink
writing (DIW), which introduces freedom in design,
stability and multifunctionality into the printed struc-

tures [17]. In this review, we discuss and highlight
forefront technologies and novel applications of recently
developed smart and intelligent biomaterials for health
and environmental applications, with a particular
emphasis on their role for sustainability (Figure 1).

Intelligent and smart biomaterials for
healthcare, nutrition and cosmetics
applications
3D printing of tissues
The use of biofabrication technologies is ascending as
powerful tools for tissue engineering and regenerative
medicine. The continuous development of bioprinting
technologies enable the printing of constructs with
excellent resolution, visibly refined details, and a
consistent thread of gel with no gaps within layers [18].
Present bioprinting and additive manufacturing
methods are; extrusion-based techniques, lithographic
printing, stereolithography (SLA), and digital light
projection printing which uses digital micromirror de-

vices (DLP/DMD), laser-based methods, and melt
electro writing. All of these techniques enable the bio-
fabrication of 3D objects in a layer-by-layer process
(Figure 2a). Nevertheless, there remains a limitation in
the complexity of the type of structures that can be
printed [19]. To address this, recent approaches propose
the employment of hybrid-bioprinting strategies such as
the use of molds and supportive mediums for the bio-
fabrication of more complex structures [20,21]. There-
fore, 3D printing presents a monumental potential
technology for the design of biocompatible scaffolding

microenvironments with high spatial precision [22].

Hydrogels are interesting and efficient smart bio-
materials that can be made from natural (like collagen,
alginate, and gelatin) or synthetic (such as synthetic
fibers, peptides and elastomers) materials. Although
hydrogels from natural origin offer advantages like easy
recognition of cellular growth factors and biomolecules,
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as well as natural degradation by the body, synthetic
hydrogels are more popularly exploited for 3D bio-
printing due to exhibiting enhanced mechanical prop-
erties, biocompatibility and having less batch-to-batch
variation [23]. Although there is a wide range of syn-
thesis methods for making hydrogels, they can be clas-
sified into two main strategies: physical and chemical
synthesis. The physical synthesis requires the interac-

tion between the polymer chains resulting in weaker
interaction forces (hydrogen bonds, protein interactions,
block polymers), while the chemical synthesis exploits
cross-linking (crosslinking using enzymes, aldehyde,
condensation and addition reactions, free radical poly-
merization), forming covalent bonds which provide
strong mechanical stability to the hydrogel network
[24]. Another important characteristic is their porosity,
which is crucial for a large range of industrial and med-
ical applications, like 3D bioprinting, drug delivery,
tissue engineering, and absorbents [25]. Hydrogels are

particularly used in tissue engineering because of their
biocompatibility to support cell differentiation and
proliferation. It is important to highlight that the
chemistry behind the design of smart-materials such as
polymer scaffolds is vital, as it greatly influences the
physical and biological compatibility properties of the
resulting hydrogel. A very recent example of this is
shown in the development of magnetically deformable
scaffolds for biofabrication [26]. Additionally, the
development of jammed microgels with thermo-
sensitive gelatins for shear-induced transition and fast

recoverability has also been exploited [27]. On the other
hand, conventional 3D printing architectures exploit the
advantage of utilizing well-known hydrogel-based scaf-
folding materials such as alginate, GelMA, and ultra-
short peptides to fabricate softer and more delicate
tissues, and even stiffer tissues [17,20,28,29]. These
key characteristics identify hydrogels as smart bio-
materials, which provide suitable microenvironments for
a plethora of cells that require specialized culturing
environments, such as neurons, chondrocytes, osteo-
blasts, and stem cells. They can also be used as sacrificial
or fugitive inks, as well as smart biocontainment of

engineered microorganisms [8,18,22].

The degradation of materials in harsh environments, the
increase in fatigue, and other failure mechanisms can be
the beginning of microscopic damages that weaken the
human body system functionalities. The development
of self-healing smart materials can enable intrinsic
repair, in which the material itself recovers frequently by
healing itself, and extrinsic repair, in which healing
agents need to be previously embedded within the
materials [30]. If the ability of self-healing is exhibited

within the hydrogels, they can turn into remarkable,
unique, and smart materials [25,31]. This self-healing
attribute in the hydrogel could be achieved, for
instance, through the addition of Magnetite (Fe3O4)
nanoparticles, a material that is widely used in
www.sciencedirect.com
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Figure 1

Overview of intelligent and smart biomaterials for sustainable 3D printing applications. A special emphasis is given for healthcare and coral restoration.
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biomedical applications with crosslinks between chito-
san and oxidized xanthan gum provided through Schiff
base linkages (Figure 2c and d). Peptide-based hydro-

gels also exhibit this type of behavior by displaying
thixotropic properties [18,30], thus, keeping a balance
between regeneration and breakage [25].

Nanoclay-incorporated double-network (NIDN)
hydrogels can be 3D printed into filaments of 2D and
3D constructs and if magnetic microparticles are added,
www.sciencedirect.com
the NIDN hydrogels can be transformed into a new type
of magnetic responsive hydrogel for 3D printing [32].
This type of hydrogel also allows the customization and

personalization of scaffolds for precision therapy of
tissue defects since it improves healing of new bone
marrow and the formation of soft tissue. The mechanical
stimulation of cells integrated into scaffolds is known to
boost cellular performance towards osteogenic or chon-
drogenic cell differentiation, as well as for the devel-
opment of tissue. Therefore, magnetic microparticles in
Current Opinion in Biomedical Engineering 2023, 26:100450
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Figure 2

3D bioprinted human bone marrow mesenchymal stem cells with ultra-short peptides for the bioengineering of tissue constructs (a). Adapted from
Ref. [18] under a Creative Commons Attribution Noncommercial License (CCC RightsLink). SEM imaging of graphene-laden nanoplates for drug
delivery (b). Adapted from Ref. [38] in compliance with Elsevier License (CCC RightsLink). Engineered cell-laden magnetically deformable scaffold for
printing (c). Adapted from Ref. [30] under a Creative Commons Attribution Noncommercial License (CCC RightsLink). Coassembled nanofibrous
material with thixotropic properties for dermal wound healing (d). Adapted from Ref. [31] under a Creative Commons Attribution Noncommercial License
(CC BY 4.0).
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bioinks can be used through 3D bioplotting, which is a
strategy that allows the definition of a locally adapted
presence and concentration of magnetic particles or

materials. In this strategy, the adjusted mechanical
stimulation is applied to only trigger the cells present in
a specific region of the hydrogel with a tunable strength,
while the other cells remain unaffected [30]. This
piques the interest for the generation of heterogeneous
tissue, organs, or even tissue interfaces, and can be
further exploited for biofabrication. To illustrate this, a
Current Opinion in Biomedical Engineering 2023, 26:100450
printable magnetic hydrogel that can be successfully
used for multi-material direct ink printing of soft actu-
ators was recently developed, while paying special

attention to developing bio-nanocomposites that exhibit
non-cytotoxicity and good biocompatibility [33]. The
use of magnetically responsive hydrogel materials and
programmable pattering opens the possibility of
applying this technology with the biocompatibility and
functionality requirements of soft robotics. Smart ma-
terials are essential since their distribution, spatially or
www.sciencedirect.com
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by the combination of smart and conventional materials,
takes a major role in accomplishing the biofabricated
construct functionalities [34].

Material–tissue interfaces
Intelligent materials that can respond to perturbations
in the environment in the form of mechanical outputs
are particularly valuable as auto-control elements that
can deliver drugs, monitor physiological conditions, or
modulate embedded cells [7,35]. In the case of bone
regeneration, mesoporous bioactive glasses (MBG) are

used because of their excellent osteoconductivity, osteo
stimulatory effect, and high degradation rate, as well as
their highly ordered mesoporous channel structure, and
high specific surface area when releasing biologically
active ions. These characteristics make them suitable
for drug and growth factor delivery, which can be
released over time [36]. The use of local biomimetic
delivery to heal bone defects provides abundant ad-
vantages, due to having an anabolic effect, maintaining
local higher concentration, and avoiding side effects.
Near-infrared (NIR) reduced graphene oxide loaded

chitosan (Cs/rGO) hydrogel was created and applied to
accomplish biomimetic pulsatile release of Teriparatide,
the only Food and Drug Administration (FDA)-approved
anabolic drug for osteoporosis treatment by daily sub-
cutaneous injection [37].

The mechanical stability and conductivity of graphene
have been investigated for controlled and tunable drug
release with electric or mechanical stimuli. A few layers
of graphene can be used as a nanofiller in a hydrogel
system with a thermally tunable drug release turning it

into a promising tool for thermally triggered drug release
in several healthcare scenarios. This hydrogel may also
be useful for injectable media, conquering the principal
constraints linked to the use of solid-like devices [38].
Graphene scaffold design for NIR photothermal therapy
(PTT) is considered a promising alternative for killing
cancer cells since it is mediated by an increase in tem-
perature due to NIR light absorbers that are delivered at
tumor proximity (Figure 2b). Thus, it has the potential
of increasing specificity in comparison to conventional
chemotherapy and radiotherapy approaches for cancer

treatment [39].

An approach that involves genetically-encoded con-
structs to precisely and noninvasively manipulate a
specific molecular process or cell function by light is
known as optogenetics. Optogenetic tools (OTs) reside
in photosensitive proteins that are fused with effector
domains or peptides, which, when exposed to the light
of specific wavelengths, can change shape or even
interact with other cellular molecules, and conse-
quently lead to functional changes in the cell [40].

Bacterial biofilms or stand-alone bacterial cells are an
application for OTs. These can be programmed to
www.sciencedirect.com
produce engineered living materials that can be used
for drug delivery, tissue engineering for regenerative
medicine, and the creation of cell-rich bioengineered
devices [40].

Thermoreversible gels or materials are polymer solu-
tions that can transition to gel upon an increase in
temperature above a critical point, and reverse to their

original state upon cooling [41]. This type of intelligent
biomaterial has enabled ground-breaking discoveries in
areas such as protein and peptide delivery, drug and
gene delivery, cell culture, tissue engineering, and 3D
bioprinting. These gels are beneficial for medicine since
they have a low viscosity (below critical temperature),
can pass through a syringe, and in their viscous state
they can offer enriched retention and prolonged drug
delivery at a target location [41].

Nutrition
Edible biomaterials primarily developed from poly-
saccharides, proteins, and lipids are biodegradable and
eco-friendly and present key benefits for the food sector

since they can be used as packaging, films, antimicro-
bials, coatings, and antioxidants, in order to maintain the
food freshness [42]. 3D printing can also be applied to
food, opening the potential towards personalized
nutrition (Figure 3b). In the process of designing the
methodology for food printing, different biomaterials
(chocolate, marzipan, potato, pumpkin) were printed
with basic designs, and cornstarch and guar gum were
mixed with the pumpkin ink to upgrade printability and
alter the distribution of nutrients [43]. Moreover, 3D
bioprinting and the ongoing development of smart and

intelligent biomaterials has also been exploited for the
in-vitro biomanufacturing of meat (Figure 3a). Recent
examples include the assembly of cell fibers by tendon-
gel integrated bioprinting to engineer meat-like tissue,
and the development of bioactive meat platforms
supplemented with naturally derived protein hydroly-
sates [44,45]. 3D printing also facilitates the utilization
of alternative sources of protein, such as insects, for
human consumption, since it can tailor the shape,
quality, taste, and its nutritional viewpoint, allowing the
blossoming of the development of a cost-effective and

sustainable alternative protein [46,47]. Precision laser
can be used alongside 3D printing in order to cook, boil,
cut and even transform food products [48]. A remark-
able example in the advances of engineered food is
Singapore, which has concentrated efforts in developing
technologies for the food industry. In these scenarios,
smart and intelligent biomaterials used as bioinks aim to
achieve proper cell proliferation and structure forma-
tion, while also providing sufficient nutritional re-
quirements from the mimicked food.

To maintain the functional properties of nutraceuticals,
biomaterials such as proteins and polysaccharides could
Current Opinion in Biomedical Engineering 2023, 26:100450
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Figure 3

3D bioprinting of meat-like tissue (a). Adapted from Ref. [44] under a Creative Commons Attribution Noncommercial License (CC BY). 3D food printing
with pumpkin, chocolate, marzipan and potato-based materials (b). Adapted from Ref. [43] in compliance with ASME original publisher and STM
Permission Guidelines. Confocal imaging of nanostructured clay particles (NSL and NSM) supplemented with orlistat to inhibit lipid digestion (c).
Adapted from Ref. [52] in compliance with Elsevier License (CCC RightsLink). Development of an intelligent thermosensible paper-free sprayable skin
mask (d). Adapted from Ref. [53] in compliance with Elsevier License (CCC RightsLink). Chitin nanofibrils soft film with nanostructured silver particles
for cosmetic green carriers and food packaging (e). Adapted from Ref. [54] under a Creative Commons Attribution Noncommercial License (CC BY 4.0).
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be used as bioresorbable membranes. The technological
advantage of testing natural membranes is the increased
extraction capability of valuable biocompounds and the

transfer of crucial cations in the final environment of the
foods. The extraction is made with supercritical fluids
(Superficial Fluid Extraction or SFE), the protective
cellulose membranes ionized by plasma affect its effi-
ciency, and with this, the extraction is increased by 22%
[49]. Chitosan (CH)-based hydrogels are unique for
intelligent food packaging systems and are used as a
passive matrix with simple single indicators, like pH
[50,51].

Some of the most promising preclinical and clinical

findings regarding the modulation of calorie intake are
bioactive intelligent materials that are capable of regu-
lating the fat digestion and absorption process
(Figure 3c). The only anti-obesity therapy approved by
the FDA that has a localized mechanism of action within
the gastrointestinal tract [11]. However, it has its limi-
tations, since it ignores a key role that the glycemic
index carbohydrates have in triggering obesity and could
lead to nutrient deficiencies. Additionally, biomaterial-
Current Opinion in Biomedical Engineering 2023, 26:100450
based therapies could be explored as alternate obesity
management approaches, like preventing weight gain
and promoting gut health [11,52].

Cosmetics
The thermogel is an intelligent material that is used for
the development of paper-free sprayable skin masks,
which undergoes solegelesuspension transitions when
it is heated (Figure 3d). After the mask is sprayed, a film
is formed with a physical gel on the outside and a sus-
pension on the inside. It has been verified that the
combination of a thermogel made of biodegradable
amphiphilic block copolymers loaded with nicotinamide
as a skin mask can decrease pigmentation [53].

Chitin is the second most abundant polymer and can be

effortlessly obtained in its nano-size form, chitin
nanofibrils (CN), which can be used to make micro-
nano particles that encapsulate and protect a diverse
range of active ingredients. Figure 3e the micro-nano
capsules can be ingrained into fibers of tissues and
films to produce antioxidant cosmetics, encapsulate
vitamins a, e, and c, or even be used as anti-
www.sciencedirect.com
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inflammatory, antibacterial and skin-repairing products
by encapsulating glycyrrhizic acid or nanostructured
silver [54]. The use of nanotechnology can improve the
encapsulation efficiency and skin permeability of active
ingredients, regulate the release of active substances,
boost physical stability, and heal UVB-induced skin
damage [12]. 3D Printing can also be used to develop a
flexible UVevisible photodetector array that assimi-

lates hybrid organic and inorganic material systems
with a portable console that repeatedly monitors
broadband irradiance in-situ [55]. This technology is
specifically attractive for medical profiling of photo-
sensitive diseases.

Intelligent and smart biomaterials for
environmental applications
Coral restoration
Coral reef degradation is a growing concern, steered by
marine heatwaves, the spread of coral diseases, and
human impact by overfishing and pollution [14].
Because of the relevance of corals as a key species within
Figure 4

Intelligent and smart materials for the environmental applications. Coral printin
Commons Attribution Noncommercial License (CCC RightsLink). Figure b: ad
Copyright Clearance Center (CCC RightsLink). Figure c: adapted from Ref. [1
BY). Scale-up approaches for the 3D printing of coral reefs (d). Adapted from
Development of smart materials: underwater printable ink (e) and engineered s
Creative Commons Attribution Noncommercial License (CCC RightsLink). Fig
Noncommercial License (CC BY 4.0).

www.sciencedirect.com
marine environments, great efforts have been employed
to restore this aquatic ecosystem [56]. Recent studies
highlight that the necessary steps to improve the
rebuilding of the ecosystem are to increase the
complexity, durability, and the enlargement of the 3D
structures, with the use of sustainable materials. The
design of artificial structures with various roughnesses
can play a vital role in species richness, complexity,

biodiversity, and the recovery rate in a degraded area
[16].

CoraFab is a process developed by the Laboratory for
Nanomedicine from King Abdullah University of Sci-
ence and Technology (KAUST), which uses technology
like 3D CoraPrint for coral restoration (Figure 4a). 3D
CoraPrint is a method that applies 3D printing tech-
nology and smart eco-friendly inks to fabricate artificial
natural-based coral skeletons that stimulate the growth
rate of coral fragments, making coral reef transplantation

faster, while decreasing nursery costs [14]. Figure 4b
another study utilizes 3D printing by Fused Deposition
g strategies (a, b, c). Figure a: adapted from Ref. [14] under a Creative
apted from Ref. [56] in compliance with Emerald Publishing Limited and
5] under a Creative Commons Attribution Noncommercial License (CC
Ref. [58] in compliance with Elsevier License (CCC RightsLink).
ymbiotic microenvironments (f). Figure e: adapted from Ref. [60] under a
ure f: adapted from Ref. [59] under a Creative Commons Attribution

Current Opinion in Biomedical Engineering 2023, 26:100450

www.sciencedirect.com/science/journal/24684511


8 Intelligent Biomaterials 2023
Modeling (FDM) to generate coral propagation sub-
strates with complex morphologies, cavities, and reliefs
for the settlement of coralline algae and coral growth
expansion [56].

A 3D printed bionic coral was developed with the
capability of growing microalgae [15]. In this research,
the morphological features of the bioprinted coral tissue

and underlying skeleton were mimicked with hybrid
photosynthetic smart biomaterials produced with a 3D
printing platform (Figure 4c). In addition, living coral
microhabitats can be engineered by applying diverse
bioinks for the encapsulation of coral photosynthetic
microalgae (Breviolum psygmophilum), and coral mass
transfer phenomena are copied by 3D bioprinting coral
tissue and skeleton with microscale features [16]. Other
research includes the application of 3D printing for the
development of 3D biomimetic living materials [57].

A customizable 3D interface is used to produce scalable
biomimetic artificial structures, using data collected
from coral ecosystems [58]. This interface uses 3D
imaging and printing technologies to obtain features
from the core of the reef, which could be translated and
digitized into a 3D-printed artificial reef (Figure 4d).
Figure 4f other studies include the development of
underwater printable inks that can be used for 3D
printing [59]. 3D bioprinting has also been used for the
fabrication of living tissues that grow microorganisms,
including single-celled photosynthetic microalgae and

bacterial cells [57]. Figure 4e a silk ink with mechanical
properties and gelation kinetics, deemed useful for 3D
printing, was successfully developed and used for host-
ing algae [60]. The stability, printability, and long-term
functionality are characteristics that support promising
environmental utilities. In this way, microalgae and
genetically modified microorganisms (GMOs) can
facilitate a wide range of important environmental ap-
plications, which include sensing and response engi-
neered living materials [8,16,57].

The main difference between conventional and smart

materials is the limitation of a conventional material to
recognize and respond to stimuli. Although ongoing
advances in the development of smart materials enable
the generation of stimuli responsive 3D printed struc-
tures, there are still limitations related to their utiliza-
tion for 3D printing in comparison to conventional
synthetic and natural materials. For instance, in addition
to the inherent rheological and biocompatible charac-
teristics of a conventional material, the 3D printing
setup of a smart material should consider avoiding the
uncontrolled triggering of a premature response from

the smart material during printing. This requires that
the selected 3D printing technology and smart material
do not share uncontrolled stimuli responses between
them. The integration of external stimuli to trigger
material response should evaluate the effect on
Current Opinion in Biomedical Engineering 2023, 26:100450
bioprinted cells and microorganisms within the smart
material. In addition, changes to the 3D printed cell
microenvironment before and after stimuli response
(pH, nutrient diffusion, swellability and degradability)
must be considered. On the other hand, 3D printed
smart biomaterials for health-related applications must
consider any potential immune response when intended
for human interaction. While the application of smart

stimuli responsive 3D printed materials for novel coral
restoration strategies in field deployments should
consider the degree of required biocontainment for the
smart material at a given marine habitat ecosystem.
Hence, we have highlighted some of the main bottle-
necks to be considered when 3D printing smart mate-
rials for healthcare and coral restoration.
Conclusions and future perspectives
Intelligent and smart biomaterials exhibit a wide vari-
ety of applications; they enable great versatility to
provide solutions in a sustainable and creative way to
contemporary health-related and environmental chal-
lenges. Because of this, there is genuine interest in the
development of these types of biomaterials. For clinical
applications, these biomaterials could revolutionize

actual treatments given to patients with the help of 3D
bioprinting to the smart and specific delivery of bio-
molecules to target body malfunctions. These bio-
materials also demonstrate promising applications for
the food industry, as they can be used for the devel-
opment of smart wrappers and bioactive materials. For
the cosmetics industry, intelligent and smart materials
contribute to the development of smart skin masks and
intelligent microencapsulation strategies. In addition
to this, a growing interest has been given to the
application of these biomaterials for the environment
in combination with 3D bioprinting. Recent examples

include 3D CoraPrint, 3D-printed bionic corals and
3D-engineered symbiotic microenvironments which
contribute towards the elucidation and potential
enhancement of coral reefs against bleaching. The
application of 3D printing enables promising novel
strategies for a broad spectrum of applications, using it
hand by hand with smart and intelligent biomaterials as
well as the ongoing development of these technologies
is of vital importance to enhance life quality, and
mitigate the negative impact of human activities on the
environment.
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