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Abstract

Nanoparticle-enhanced regenerative therapies represent a paradigm shift in healthcare, using
nanoparticles distinct capabilities to boost treatments for tissue repair and regeneration. The historical
development, wide range of applications, and methodological complexities of nanoparticles
integration in regenerative medicine are examined in this study. Through a thorough analysis of the
literature, we are able to demonstrate the revolutionary potential of nanoparticles in enhancing
regenerative processes, ranging from tissue engineering and targeted medication administration to
imaging. Thematic studies highlight the adaptability and promise of nanoparticles in addressing
medical needs by revealing applications across therapeutic modalities. An emphasis is placed on a
rigorous approach that includes a thorough study design, selection criteria, and data analysis
techniques to guarantee the integrity and dependability of the findings. The complex relationship
between nanoparticles and regenerative processes is elucidated through findings and discussions,
which also highlight significant turning points and the development of nanoparticle drug delivery
systems as a pillar of regenerative medicine. This review concludes by summarizing the revolutionary
field of nanoparticle-enhanced regenerative medicines and predicting a time when injured tissues
would not only be mended but also effectively and precisely regenerated, bringing in a new era of
individualized and regenerative healthcare.
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1. Introduction

The need for tissue engineering and regenerative medicine (TERM) solutions is multiplying because
of the numerous problems associated with tissue and organ transplantation, including the scarcity of
donors, the requirement for immunosuppressant, and the low success rate (rejection of the transplant).
Since there was no such thing as blood type at the end of the 15th century, blood transfusions have
been the basis of regenerative medicine [1]. Later, bone marrow transplantation was developed as a
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solution to this issue, and it eventually became a widely used medical procedure. Regenerative
medicine is the science of using in vitro design and in vivo use to replace or repair damaged or
diseased tissue or organs. Weitzman DH et al.1 proposed integrating platelet-rich plasma (PRP) in
fibrin glue in 1997, it can be regarded as a new field of medicine. Marx et al.'s 1998 study provided
evidence that PRP could stimulate jawbone regeneration.

Stem cells have sparked a lot of curiosity in the area and offer an excellent medium for growing
tissues. By initiating and promoting the restoration of sick or damaged tissue, the rapidly expanding
interdisciplinary field of regenerative medicine holds great promise for advancing our understanding
of biological mechanisms and enabling individualized treatments for a wide range of ailments [2].
During the same time limit, it was found that a portion of bone marrow-derived stem cells could
restore various mesenchymal tissues or organs. Consequently, the foundation of regenerative
medicine lies in the utilization of either multipotent stem cells or biological products such as platelet-
rich plasma (PRP) or its gel formulation known as platelet gel (PG). These materials not only provide
support but also act as a guide to help stem cells achieve spatial reconstruction.

Regenerative medicine is a rapidly expanding international field. It has combined the fields of biology,
materials science, and engineering to create and produce synthetic structures that mimic natural tissues
and organs as models, miniature organs, and implantable systems [3]. Aside from being able to supply
bioactive chemicals, this scaffold should also have the right amount of mechanical strength and
flexibility in tracking cellular activity. Nanoparticles (NPs) enable highly regulated scaffold
properties, including mechanical strength and the release of biologically active substances [4]. The
synthesis of NPs and their myriad uses are integral to the processing technology of nanotechnology
[3]. The two colloidal and solid forms of NPs can be generated, with diameters ranging between 10
and 1,000 nm.

NPs find extensive uses in the manufacturing of sensors, photovoltaic devices, and biological fields,
particularly vaccine adjuvant and drug delivery. Traditional methods in regenerative medicine have
evolved due to the influence of nanotechnology, transitioning towards more advanced and efficient
systems. In addition to NPs, other microscopic levels materials such as nanostructures and microfibers
substrates have played significant roles in this transformation surfaces have been utilized to control
cell function in this field. NPs offer a range of applications, such as simultaneous therapeutic and
imaging systems, embedding novel biomaterials within scaffolds with superior spatiotemporal
control, regulating the release of multiple bioactive agents, including growth factors to direct stem
cell fate and morphogenesis, adjusting scaffold mechanical strength for hard tissue applications, and
improving biocompatibility and reducing toxicity through tissue-specific delivery. NPs can be made
from a variety of materials, including metals, ceramics, and synthetic and natural polymers. Due to
their unique properties and compositions, featuring a large area of coverage, good penetrating
capacity, and changeable interface qualities, They are one of the most popular candidates in the TERM
field for imaging, mechanical strength enhancement, bio-ink supplements, antimicrobials, and
bioactive agent carriers [3].

The application of nanotechnology has drawn more interest in recent years to enhance existing
methods for tissue and organ regeneration. Specifically, nanoparticles have unique characteristics that
can help the science of regenerative medicine progress. Solid colloidal particles with diameters
typically ranging from 10 and 200 nm provide a considerable deal of flexibility in terms of component
setup, size, and surface chemistry. Nanoparticles can be used as therapeutic agents or as carriers for
the transfer of medications, genetic material, or growth factors (GFs) because of their size and surface
chemistry [5].

In October 2013, a small group of world-renowned regenerative medicine specialists convened in
Xi'an, China, for a confidential session to explore these obstacles and provide solutions. The "Xi‘an
Papers,” a compilation of these people's statements that were prepared before the meeting, are
available here as an additional file called heXianPapers.pdf. Many significant issues were brought up,
some more frequently than others. This Focus article, which centers on manufacturing paradigms,
identifies some of the most pertinent and urgent issues in the translation of regenerative medicine
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methodologies and components [6]. The practice of regenerative medicine will advance due to a
number of factors. Initially, careful control over the behavior of stem cells whether generated or
isolated from adult tissue is frequently necessary to improve their safety profile and efficacy following
transplantation.

Traditional and straightforward methods in TERM have changed because to the influence of
nanotechnology, moving toward more sophisticated and effective systems. In addition to NPs, other
nanoscale technology-produced materials like microfibers and nano structured surfaces were also
employed that control functions of cell in TERM fields. Applications of NPs in TERM include
utilizing imaging and therapeutic systems simultaneously, embedding novel biomaterials with
superior spatiotemporal control within scaffolds, modulating the release of multiple bioactive agents,
especially growth factors to direct stem cell fate and morphogenesis, adjusting the mechanical strength
of scaffolds for applications in hard tissue, and reducing toxicity and enhancing biocompatibility
through tissue-specific delivery as shown in figure 1.

NPs can be made from a variety of materials, including metals, ceramics, and synthetic and natural
polymers. Because of their compositions and unique advantages such as their high surface area and
tunable surface properties they are among the most popular candidates in the TERM field for imaging,
mechanical strength enhancement, as supplements to bioink, and as carriers of bioactive agents and
antimicrobials [5]. Nanoparticles hold great promise for enhancing conventional tissue engineering
materials. The distinct characteristics of nanoparticles have contributed to the enhancement of diverse
tissue growth beyond current capabilities.

Figure 1: Overview of Regenerative Medicines.

The aggregation states or interactions of nanoparticles with biomolecules in vivo may alter how
hazardous they are to people. However, it is evident from the frequently contradictory findings of
recent research that this is insufficient to provide a definitive response on the toxicity of nanomaterials
[7]. To properly answer the question of whether nanoparticles should be employed in biomedical
applications, extensive studies of the effects of nanomaterials on the environment and human health
are required [8]. Worldwide, there is a great deal of research being conducted on the key elements of
regenerative medicine. To convert fundamental science into reliable clinical products, special efforts
are being made to address the challenges that the field is currently facing. This article's scope is to
converse about the latest advancement in nanotechnology for regenerative medicine and focused on
investigating the potential benefits of nanoparticles in the area of regenerative medicine. It seeks to
comprehend their function in Tissue regeneration and repair, investigate their modes of action and
make suggestions for further study and application in this area.

Vol.31 No.6 (2024): JPTCP (929-954) Page | 931



https://jptcp.com/index.php/jptcp/issue/view/79

Nanoparticle-Enhanced Regenerative Medicine: A Comprehensive Review On Applications, Advances, And Drug
Delivery Systems

2. Fundamentals of Nanoparticles In Regenerative Medicine

The last 23 years have seen a dramatic increase in the number of publications in the field of
regenerative medicine. Nanotechnology is also making inroads into biomedical research, and because
of its versatility and potential for functionalization, it could improve and speed tissue regeneration.
The materials utilized have an enormous variety of shapes and compositions, ranging from particle
items to structures of fibers or nanopatterned interfaces [9]. NPs and other particulate matter are
specifically utilized in diagnostic applications due to their ability to facilitate multidimensional and
multipurpose diagnostic imaging. Materials such as polymers, metals, ceramics, and their various
composites are capable of being utilized to produce NPs, depending on the purpose [1]. A growing
body of research explores nanotechnology's role in regenerative medicine as shown in figure 2.
Nanotechnology offers superior control over biomaterial properties compared to conventional
methods. Nanostructures with tissue-mimicking abilities create durable scaffolds, while scaffolds
containing stem cell seeds aim to regenerate bones, contingent on stem cell availability. Nanofibers,
mimicking natural cardiac tissue, are under intense study for wound healing with growth factors.
Biodegradable scaffolds with multiple growth factors show promise for skin tissue regeneration.
Though nascent, nano-ophthalmology aims to preserve and restore. Nanotechnology's potential in
regenerative medicine promises to revolutionize tissue repair and regeneration [10]. Nevertheless,
there are still several challenges to be overcome. Creating the perfect nanomaterials that can
communicate with damaged or sick cells and tissues to start the regeneration process is one of them.
Additionally, there's the task of engineering ECM proteins to function precisely like natural ECM
proteins of tissue within the internal environment. Moreover, there’s critical and rigorous choice of a
fresh matrix of polymers /nanomaterials mixto enable the creation of scaffolds with superior
biomimicking ability. This involves optimizing their chemical composition and structure [11].

NANOPARTICLES

PRESERVING GROWTH FACTOR
PROMOTING CELL ADMESION
INTEGRATION OG SURROUNDING
TISSUES

STEM CELLS

NANOTECHNOLOGY
APPROACHES BIOACTIVE CHARACTERISTICS
GROWTH CONDUCT

SCAFFOLDS

CHEMOKINES RELEASED
CELLULAR SUPPORT FOR
IMPLANT INTEGRATION

Figure 2: Nanotechnology approaches in regenerative medicine [3].

To get around these limitations, scaffolds that already exist will need to be improved. Since
regenerative medicine is still in its preliminary stages, there is great concern about the safety of using
nanomaterials in human health. Before applying these nanomaterials to humans, extensive research
on their toxic effects should be done. Lastly, Direct interaction between medical professionals and
researchers is essential to comprehending the fundamental processes that underlie relationships
among cells and biomaterials at the nanoscale and being Capable of transferring research results via
lab to their bedside [12].
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3. Applications of Regenerative Medicine

Stem Cell Therapy
By promoting pre-clinical research studies, multipotent mesenchymal stem cell (MSC) transplantation
has shown its potential as a regenerative medicine therapy alternative [13]. MSCs have been employed
in clinical trials with the goal of treating chronic illnesses and autoimmune disorders by resetting
immune systems through their potential as regenerative agents, immunosuppressive, and
immunomodulatory as shown in figure 3. The secretion of multiple cytokines, including anti-
inflammatory factors like INOS, IDO, PGE2, TSG6, HO1, and gelatins, cytokines like TGFp, 1L-10,
CCL2, IL-6, and IL-7, and chemokines such as CCL5, CXCR3, CXCL9-11, IL-6, and CCRS, is
responsible for MSCs' immune-regulating abilities. MSCs release potential angiogenic proteins such
as TGFp, PDGF, and VEGF [14]. For both laboratory-based scientific investigations and pre-clinical
studies, the Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular
Therapy (ISCT) has established standards to define "multipotent mesenchymal stromal cells”" (MSC).
The designation of mesenchymal stem cells (MSCs) hinges on meeting three specific criteria.
Firstly, MSCs must demonstrate plastic adherence, typically observed when they are cultured in flasks
for tissue culturing under normal settings. The second thing, MSCs must express specific surface
antigens, as determined by flow cytometry. These antigens include CD105, CD73, and CD90, with
high expression levels (>95%) and minimal or absent expression (<5/2%) of CD45, CD34, CD14 or
CD11b, CD79a or CD19, and HLA class Il. Lastly, MSCs must exhibit the capability to differentiate
into osteoblasts, adipocytes, and chondroblasts under standard in vitro differentiating conditions. It's
noteworthy that adherence to these criteria is paramount for ensuring consistency and comparability
across MSC studies.

Table 1: Here is a listing of tissue-engineered and cellular products that have been approved by the
FDA, along with current proposed treatments [10]

PRODUCTS COMPANY NAME APPROVED FOR TREATMENT
FUCASO Innovent Biologics & | Relapsed or refractory multiple myeloma
laso Biotechnology
Holoclar Chiesi Farmaceutici Moderate to severe limbal stem cell deficiency due

to ocular burns
Diseases of the hematopoietic system which can be

CLEVECORD (hematopoietic | Cleveland Cord Blood

progenitor cell, Cord Blood) Center hereditary, acquired, or brought on by
myeloablative therapy
Lantidra Celltrans Adults with type 1 diabetes who are unable to

approach target glycated hemoglobin (average
blood glucose levels

GINTUIT (Allogeneic Cultured
Keratinocytes and Fibroblasts in
Bovine Collagen)

Organogenesis
Incorporated

llogeneic cellularized scaffold product indicated for
topical (non-submerged) application to a surgically
created vascular wound bed in the treatment of
mucogingival conditions in adults

LaViv (Azficel-T)

Fibro cell Technologies

Improvement of the appearance of moderate to
severe nasolabial fold wrinkles in adults

HEMACORD (Hematopoietic [ New  York  Blood | Diseases of the hematopoietic system which can be

progenitor cell, cord blood) Center hereditary, acquired, or brought on by
myeloablative therapy

Temcell Temcell Acute radiation injury, chronic obstructive
pulmonary disease, Crohn’s disease, acute graft-
versus-host disease, Type | diabetes, and
myocardial infarction

Hematopoietic progenitor cell, [ MD Anderson Cord | Diseases of the hematopoietic system which can be

Cord Blood - MD Anderson
Cord Blood Bank

Blood Bank

hereditary, acquired, or
myeloablative therapy

brought on

by

Due to the angiogenic properties of autonomous adipose tissue-derived mesenchymal-stem cells
(MSCs), patients with atherosclerosis renovascular disease (RVD) can experience a substantial rise
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in kidney tissue oxygenation, cortex blood flow, and stabilization of the glomerular filtration rate
(GFR) for as long as three months. [15]. Patients with type 1 diabetes mellitus may benefit from the
anti-inflammatory properties of autologous hematopoietic stem cells by having a lower percentage of
T-cell proliferation, lymphocytes, and white blood cells [16]. Additionally, these trials highlight the
anti-inflammatory effects of MSCs, manifested by inhibition of T cell proliferation and lowered
impression of pro-inflammatory markers. Notably, the anti-inflammatory attributes of these MSCs
have exhibited improvements in various parameters such as lung function, skin thickness scores,
levels of pro-inflammatory cytokines, and anti-Scl70 autoantibody titers in individuals with disorders
linked to systemic sclerosis [17].

Although clinical trials have shown promising results, utilizing MSCs in medical practice presents
several challenges. These include low rates of engraftment, variability in immunomodulatory
responses, and potential limitations in the field of regenerative medicine [18]. While current clinical
trials demonstrate consistent but modest anti-inflammatory benefits with MSC treatments akin to
earlier pre-clinical trials, there exists substantial heterogeneity among these trials. Discrepancies, such
as differences in cell transplantation quantities, cell culture conditions and methods, characterization,
and cell types, hinder clarity of interpretation of the outcomes. This trial marks the inaugural showcase
of the potential applicability of MSCs originate from induced pluripotent stem cells (iPSCs) across
various clinical targets.

.gﬁ‘"‘\'; R ‘\‘ - %
| |

S
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Figure 3: Careers in Stem Cell Research and Regenerative Medicine.

Wound Healing
Numerous circumstances can lead to wounds, including surgery, trauma, pathologic disorders like
diabetes or vascular illnesses, or extrinsic stimuli like pressure, burns, and cuts. These kinds of harm
are categorized as either acute or chronic wounds based on the underlying causes and outcomes. A
structured and suitable healing process is typically followed by acute wounds, leading to the long-
term restoration of anatomical and functional integrity [19]. Conversely, chronic wounds are unable
to reach the best possible levels of functional and anatomical integrity. The nature, degree, and
condition of the host and environment are all factors that influence and are related to pathological
processes and healing. The course of wound healing may be impacted by systemic variables, including
patient age, the existence of vascular, metabolic, and immunological disorders, as well as continued
medication therapy.
Regenerative medicine aims to improve the healing process by using a multidisciplinary approach
that addresses weaknesses in the physiological process of wound healing as well as issue solving
through reparative approaches [20]. Studies in regenerative medicine offer several ways to encourage
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and fasten the healing of wound: Biomaterials, growth factors, and have the capability to be employed
straight to facilitate regrowth in either direction to modify the Conditions associated with wounds,
speeding up recovery. This interdisciplinary strategy creates new opportunities for tissue regeneration
in the future. To link medical professionals with scientific engineering backgrounds with business
teams and steer innovative technologies toward a secure and efficient deployment, collaboration is
essential [21].

To integrate patient needs with readily available technologies, one approach involves reviewing and
analyzing the criteria established by different fields individually. These criteria can then be grouped
together and assessed in clinical settings. In clinical practice, safety is a top issue. Regenerative
medicine-related disorders and therapies need to be taken into consideration when doing a best-fit risk
analysis. Given the wide variations in skin tone in various body regions, the lesion site ought to be
the focus of both functional and cosmetic concerns.

A crucial element is the prompt clinical availability of these treatments, particularly in cases of acute
injury or injuries that pose a life-threatening risk to the patient. The financial aspect is also significant;
the expenses of new technology must be justified by high-quality results. Finally, considering the
intricacy of its structure and function, it should be acknowledged that there is currently no perfect
answer for skin regeneration. Nonetheless, cross-disciplinary cooperation offers a genuine chance to
enhance therapeutic management of challenging wounds.

Osteoarthritis Treatment
The most prevalent type of arthritis is called osteoarthritis (OA), which is defined by morphological
and physiological alterations including bone remodeling, osteophyte production, inflammation of the
joints, and loss of joint function. In OA, the articular cartilage is the primary structure that is impacted;
however, the entire joint is affected. Owing to its avascular and aneural characteristics, cartilage has
a limited ability to regenerate, which limits the joint's capability for repair. Patients with OA have a
considerable decline in their quality of life due to pain, restricted joint movement, and diminished
function. Ocular arthritis (OA) is quite common in the world, which means that medical resources
and socioeconomic expenses related to managing and treating OA are always rising [22]. Even though
OA has a negative socioeconomic impact, patients currently have very few treatment options, and the
majority of therapy techniques involve symptom control.
To do this, a number of techniques are used to lessen the patient's symptoms and slow the degenerative
process's advancement. The main treatments include exercises, pharmacologic therapies, thermal
therapies, self-management programs, intra-articular (1A) inject able treatments (e.g., hyaluronic acid
and steroids), and surgical techniques [23]. The path physiology of OA is becoming more understood,
and this includes the roles of signaling molecules, growth factors, and cytokines. This has led to new
insights into cartilage regeneration and treatment.
Osteoarthritis cartilage regeneration has been given new life by tissue engineering and regenerative
techniques based on biomaterials, cells, and other bioactive molecules [24]. Stem cell and platelet-
rich plasma (PRP) injections, chondrocyte transplantation, and surgical techniques including micro
fracture and autologous chondrocyte implantation (ACI) are the most often utilized restorative
techniques for treating cartilage abnormalities. Surgical techniques like micro fracture and ACI have
several drawbacks. ACI is associated with problems such as insufficient fusion, delamination, and
graft failure, and its success rate varies.
ACI is not a practical solution for OA due to the extensive joint involvement and the inflammatory
environment [25]. Aside from the fact that there are currently few long-term data on ACI, implanted
chondrocytes may undergo undesired differentiation or death in the osteoarthritis environment, which
could reduce therapy efficacy. The micro fracture (MF) technique, which is frequently employed to
regenerate cartilage in OA patients, yields varying and inconsistent results in terms of cartilage repair
quality [26]. The mechanical qualities of the "fibro cartilage™ that develops during the MF procedure
are much lower than those of normal articular cartilage.
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Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) have demonstrated promising outcomes in the treatment of bone,
tendon, and cartilage due to their capacity to develop into these tissues constituent cells [27]. MSCs
have a high potential for multidirectional differentiation and reproduction. They also interact with the
immune system to promote immunoregulation, migrate to the injury site to improve peripheral tissue
tolerance, prevent the release of inflammatory factors, promote tissue repair, and increase the activity
of injured cells. Neurogenic pain and down regulation of the pain pathway in general can be mitigated
by reduced inflammation in the osteoarthritic joint. The inflammatory components of OA may benefit
from these MSC characteristics. Through paracrine activity, which decreases cell death and
inflammation while promoting cell proliferation and mobilization, MSCs also control chondrogenesis.
MSCs use paracrine processes to deliver various signaling molecules to the body, such as extracellular
vesicles, cytokines, and growth factors.
Through the absorption of local endogenous stem cells, stem cells can reduce synovial activation and
mend cartilage damage by establishing a repair microenvironment. Additionally, the rat model using
IA MSCs showed a decrease in apoptotic chondrocytes, indicating the anti-apoptosis impact of MSCs
in the therapy of OA [28]. The best settings for MSCs to differentiate into chondrocytes are those that
exclude serum, such as hydro gels, scaffold materials, and micro-mass. During the chondrogenic
differentiation process, MSCs produce cartilaginous matrix constituents. In addition to interacting
with chondrocytes or MSCs, this extracellular matrix (ECM) reconstruction can control tissue
morphogenesis and remodeling as well as cell survival, differentiation, and migration.
Recent reviews and meta-analyses have shown conflicting findings. Migliorini et al. [29] observed
gains in the McMaster and Western Ontario assessments as well as the visual analog scale (VAS).
University Osteoarthritis (WOMAC) scores at six and twelve months of a systematic evaluation of
knee OA treatment with stem cell injections. Additionally, they reported that the patients' Lequesne
and Knee injury and Osteoarthritis Outcome Score (KOOS) scores improved and that their average
walking distance increased. The authors came to the conclusion that bone marrow concentrate (BMC)
knee OA might be a possibility based on the evidence that was available. As a result, every clinical
and functional outcome saw a notable improvement.
Additionally, they noted that patients' results were noticeably better when they received treatment
early in the degeneration process. Individuals with early- to moderately-advanced OA are thought to
be suitable candidates for MSCs. The study by Harrel et al. [30] highlighted that the efficacy of MSCs
can be impacted by the severity of OA. Autologous MSCs improved clinically and radiographically
in mice with mild OA two months after IA injection, but in animals with severe OA, the benefits did
not materialize until six months later. In a recent meta-analysis of 13 randomized controlled trials,
Dai et al. [31] revealed no significant difference in the VAS, WOMAC pain, function, and stiffness
scores for MSCs compared to placebo.

Cartilage Tissue Engineering

Tissue engineering links the production of biological replacements that preserve, enhance, or restore
tissue function with the concepts and practices of biology and engineering. In tissue engineering, the
right cells are seeded into a biocompatible scaffold. There are now two tissue engineering methods
available. One involves implanting the construct into the joint after creating functioning tissue in vitro.
The alternative method involves short-term cultivation, immature implantation, and in vivo
maturation of the construct in its natural habitat. Tissue engineering has received a lot of interest in
relation to cartilage healing because of its biological characteristics and low capacity for endogenous
repair [32].

Scaffolds
Numerous scaffolds have been studied for tissue engineering cartilage. They can be categorized based
on their chemical composition, structure (massive, porous, foams, viscous liquids, and hydro gels),
or nature (protein, polysaccharide, synthetic, or natural). The following fundamental characteristics

Vol.31 No.6 (2024): JPTCP (929-954) Page | 936


https://jptcp.com/index.php/jptcp/issue/view/79

Nanoparticle-Enhanced Regenerative Medicine: A Comprehensive Review On Applications, Advances, And Drug
Delivery Systems

of the perfect scaffolds must be present. To inhibit inflammatory and immunological reactions, they
must be biocompatible and provide a three-dimensional environment that is conducive to the
preservation of a differentiated chondrocyte phenotype. To facilitate the flow of chemicals and
nutrients, they need also be permeable. They should be bioactive to permit the uniform and regulated
release of growth factors and sticky to allow the fixing of cells in the lesion.

Lastly, they should be biodegradable to allow for long-term integration into host tissues and injections
able to permit less invasive surgery.

Hydrogels are perhaps the most promising options due to their structure and characteristics,
considering the possibility that cartilage tissue engineering will be successful both in vitro and ex vivo
[33]. However, in medical settings Chains of artificial or naturally occurring absorbent
macromolecules make up hydro gels. A reticulated hydro gel is formed as a result of chemical changes
brought about by cross-linking agents (glutaraldehyde, radiation, pH, or temperature) [34]. The high
percentage of water in the macromolecular network replicates the properties of the cartilaginous
ECM's three-dimensional environment. The network density of hydro gels can be changed to change
their porosity. Another benefit of hydro gels is that they may be injected, which allows for minimally
invasive surgery [35], which lowers morbidity and the length of hospital stay. In order for these inject
able scaffolds to take on the appropriate shape after being implanted, they must also be able to expand
in volume. Preclinical research is being done to assess the mechanical characteristics of hydro gels.

Culture Conditions and Morphogens

Chondrocytes' differentiated phenotype can be preserved through three-dimensional culture.
Furthermore, when dedifferentiated chondrocytes are cultivated in three dimensions, they regain their
original phenotypic [36]. Only a portion of the molecular mechanisms underlying the processes of
dedifferentiation and re-differentiation are known, although a crucial integrins' potential role has been
suggested. Culture systems that are mechanically active and regulated are called bioreactors. The
optimal bioreactor should boost ECM production, feeding, and oxygenation while providing the tissue
with mechanical stimulation akin to in vivo circumstances.

Normal AC formation and regeneration depend on the physiological strain placed on the joint [37].
Both in vivo and in vitro chondrocyte behavior is influenced by mechanical stimulation. Nonetheless,
it is generally agreed upon from in vitro mechanical loading experiments that dynamic compression
boosts matrix synthetic activity while static compression promotes PG depletion, harms the collagen
network, and reduces the synthesis of collagen matrix proteins. The selection of the optimal
stimulation parameters is currently being assessed. Growth factors are among the morphogens that
are primarily used to either differentiate MSC toward a chondrocytic phenotype or to maintain a
chondrocytic phenotype. The maturation of chondrocytes and the creation of cartilage are influenced
by several growth factors [38].

Gene Therapy

Gene therapy, which employs cells to produce therapeutic proteins in situ, is being studied with
interest, even though most research is focused on developing growth factor delivery systems [39].
This kind of treatment attempts to promote the expression of genes involved in tissue regeneration
processes in the context of cartilage tissue engineering. Potential candidates include genes encoding
for different members of the TGF super family (e.g., TGF-b, BMPs), IGF-1, Sox family (e.g., -5, -6,
and 9), FGF-3, and SMADs. Though gene therapy is still in its early stages of clinical application, it
will need to undergo more in vitro and in vivo testing before it can be added to the list of treatments
available for osteoarticular conditions.

4. Traditional Methods

Iron oxide Nanoparticles in Regenerative Medicine
Iron oxide nanoparticles (IONPs) are one of the most promising materials at the nanoscale; they ought
to be functionalized with other bioactive substances, embedded in composites, and bound or taken up

Vol.31 No.6 (2024): JPTCP (929-954) Page | 937


https://jptcp.com/index.php/jptcp/issue/view/79

Nanoparticle-Enhanced Regenerative Medicine: A Comprehensive Review On Applications, Advances, And Drug
Delivery Systems

by cells [40]. IONPs have become increasingly prevalent in drug delivery cases. Directed drug
delivery is made possible with the influence of external magnetic fields or by utilizing specific binding
proteins like antibodies. These approaches enable targeted delivery of therapeutic agents to be desired
sites, improving treatment efficacy while minimizing off-target effects [41]. Stem cells, when loaded
with IONPs, can differentiate into a wide range of cell types including myoblasts, adipocytes,
chondrocytes, osteoblasts, and neuron-like cells. This versatility makes them valuable tools for tissue
engineering and regenerative therapies aimed at repairing or replacing damaged tissues and organs
[42].

Bone Regeneration
A key objective of regenerative medicine is the reconstruction of bone tissue. Stem cell differentiation
under control and the creation of bone scaffolds using various materials are promising strategies. The
utilization of iron oxide nanoparticles (IONPs) has been demonstrated to not only facilitate MRI
imaging for visualizing the therapeutic process in addition to encouraging cell differentiation, enhance
ontogenesis and enable targeted delivery of drugs or cells to the desired site through the application
of magnetic fields. This multifunctional capability of IONPs enhances the efficacy and precision of
therapeutic interventions in various biomedical applications [43].
IONPs have long been known to stimulate tissue repair, though the precise underlying mechanisms
remain unknown. Wang et al. have demonstrated, through the use of gene microarray assays and
bioinformatics analyses, that treatment with IONPs strongly regulates the gene expression of human
bone marrow-derived mesenchymal stem cells (BM-MSCs) and activates the classical mitogen-
activated protein kinase (MAPK) signaling pathway. This activation, in turn, regulates downstream
genes and promotes osteogenic differentiation [44].
Following systemic injection into rat veins, Schulze et al. examined the effects of amino-polyvinyl
alcohol (PVA)-coated IONPs on BM-MSCs. They discovered that these nanoparticles aggregated in
the bone marrow, increasing the BM-MSCs' metabolic activity and rate of migration. Because of this,
the particles have a lot of potential for bone marrow MRI imaging and may also prove helpful in the
future for regenerative medicine applications [45]. Mechanotransduction is another way to favorably
affect cell differentiation [46].

Peripheral and Central Nervous System Regenration

Numerous pathologies of the central nervous system(CNS) and peripheral nervous systems(PNS),
including neurodegenerative diseases like Alzheimer's disease (AD), Parkinson's disease (PD),
Huntington's disease (HD), ischemic stroke, amyotrophic lateral sclerosis (ALS), spinal cord injury,
and multiple sclerosis (MS), have been treated with Progenitor and stem cells, in addition to developed
cells such as adult neurons, Schwann cells, and astrocytes [47]. Patients with damaged neural tissue
may benefit greatly from the application of nanotechnology in tissue engineering, drug delivery, and
diagnostics. Hence, after implantation, transplanted cells can be tracked and monitored by employing
IONP-labeling techniques for various cell types, including stem cells, astrocytes, and microglia. These
techniques enable precise visualization and tracking of cell behavior and distribution in vivo, offering
valuable insights into therapeutic outcomes and mechanisms [47].
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Figure 4: Potential targets in the peripheral and central nervous systems for IONP-assisted tissue
engineering and tissue regeneration [48]

Furthermore, through specific nanoparticle functionalization, such as surface modification, IONP-
loaded cells and IONPs can facilitate delivery of therapeutic biomolecules. This capability enhances
the efficacy and precision of therapeutic interventions, including medicines, proteins, DNA, and
SiRNA, as well as neurotrophic factors. External magnet fields can be used to efficiently enrich IONP-
loaded cells and functionalized IONPs at the site of injury in order to direct axonal development or
facilitate neuronal healing [49].

Ultimately, scaffolds composed of diverse nanomaterials can be used to control hemostasis, prevent
glial differentiation, encourage neuronal growth, and act as structural support. They can also be used
to simulate or induce the production of an extracellular matrix. In this case, IONPs can be added to
the biocomposite to enhance cellular differentiation, induce a certain neurite outgrowth or surface
topology, or be employed for diagnostic purposes [50] The subsequent sections showcase more
intriguing methods for treating CNS and PNS injuries, such as using stem cell therapy or
nanomaterials as scaffolds for tissue engineering.

Figure 4 illustrates potential targets for IONP-assisted tissue engineering and PNS and CNS tissue
regeneration. This tracking capability allows for the monitoring of therapy progress, assessment of
functional recovery, and stem cell injection to the location of damage, among other applications. By
offering ECM-like matrices or designing fiber scaffolds to regenerate axons, the usage of biomaterials
can aid in regeneration. Moreover, using IONPs can improve regeneration capacity. Still, the
particular NPs must be carefully chosen because they may cause negative reactions, even if they seem
harmless under normal circumstances [51]. However, it has been demonstrated that IONPs can
promote neuroregeneration through a variety of mechanisms; Indeed, nanoparticles possess unique
properties that can positively impact various aspects of biomedicine. These capabilities open up
exciting possibilities for the development of advanced therapies and biomedical applications [52].

Other Soft Tissue Regeneration

In regenerative medicine, treating voice problems such as vocal fold loss presents a significant
difficulty. There are currently very few tissue-engineered or surgical methods available for the
restoration of these problems [53]. In the interim, work is being done to construct the Vocal fold
structures made with cells supplied with IONP. Vocal fold fibroblasts were obtained from rabbit
laryngeal heads by Diirr et al., and IONPs were used to produce their magnetization. The same team
described how IONP uptake affected cells and showed that magnetic cell guidance was feasible. They
also hinted at the possibility of creating magnetic tissue-engineered three-dimensional vocal fold
structures [54].

Acute renal damage combined with chronic kidney disease results in a significant death rate. The only
available treatments at this time are kidney transplants and dialysis. Tissue engineering and
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regenerative medicine, on the other hand, may be able to lessen treatment-related complications such
organ shortages, transplant failure, and many more. In addition to applying effective cell-based
techniques for repairing renal tissue, renal tissue engineering holds promise as a potential avenue for
restoring normal Kidney function in the future. Despite the intricate structure and function of the
kidney, the use of nanomaterials in nephrology may offer advantages. This includes the manufacturing
of renal medication nanotherapies, tracking the progression of chronic kidney disease, and detecting
renal function. While this area hasn't been extensively studied yet, it presents exciting possibilities for
improving kidney health and treatment outcomes [55]. MRI research demonstrated that induced
pluripotent stem cell-derived mesenchymal stem cells (iPS-MSCs) were directed towards the renal
parenchyma of animals with chronic kidney disease (CKD), successfully shielding the kidney from
CKD damage.

The mortality rate of chronic liver disease has notably increased in recent years, imposing a significant
financial and health burden. While liver transplantation remains the most effective treatment for end-
stage liver fibrosis, its application is limited by immunological rejection and a shortage of organ
donors. Stem cell therapy, including the use of iron oxide nanoparticles (IONPs), is an emerging
option with expanding potential. While it is still unreliable to observe IONP-loaded cells for an
extended period of time, multiple studies have shown that IONP-labeled cells can safely monitor liver
therapy. For example, it has been demonstrated that bone marrow-derived mesenchymal stem cells
(BM-MSCs) can decrease liver fibrosis and early hepatic dysplasia and can also speed up the recovery
of the liver after hepatectomy. In a different study, MSC localization was improved by overexpressing
human hepatocyte growth factor (HGF) in MSCs, which when combined with IONP labeling, aided
in liver repair in a rat model of hepatic fibrosis.

Functionalized IONPs have also been demonstrated to have benefits for liver regeneration [56]. It is
well known that fibroblast growth factor 2 (FGF2) has antifibrotic properties and can encourage tissue
regeneration in fibrotic illnesses. Unlike free FGF2, FGF2-10NPs enhanced early hepatic fibrogenesis
in vivo in the acute carbon tetrachloride-induced liver damage mouse model, as reported by Eftekhari
et al. To enable magnetic-based EC accumulation on hepatocyte monolayers, Ito et al. (2004) used
human aorta endothelial cells (ECs) coated with cationic magnetite liposomes. This innovative
method was one of the first to use iron oxide nanoparticles (IONPs) to create 3D liver tissue that
resembled vivo, producing a multilayered, heterotypic structure [57].

The authors found a considerable increase in albumin secretion and improved adsorption of
heterotypic cells when they compared "magnetic force-based tissue engineering” (MagTE) to single
cell cultures or co-cultures without a magnet. A different area of regenerative medicine was covered
by Li et al. when they discussed the creation of biocompatible prosthetic bile conduits by tissue
engineering. Using gelatin methacryloyl (GeIMA) hydrogel and polycaprolactone (PCL) as the
outside coating, they used 3D printing to produce a tubular composite scaffold with exceptional
mechanical capabilities. To improve biocompatibility and enable MRI monitoring, ultra-small iron
oxide nanoparticles (IONPs) were frequently used. The scaffold could be practically completely
colonized and used as an artificial bile duct for implantation in the body by co-culturing with
mesenchymal stem cells produced from bone marrow (BM-MSCs) [58].
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Figure 5: Potential targets for different soft tissue regeneration and tissue engineering supported by
IONP

Cerium Oxide Nanoparticles
The goal of tissue engineering is to build structures out of scaffolds and cells in an effort to replace
or restore missing organs and tissues without the need for expensive, time-consuming, and
infrequently available organ transplants. Tissue-engineered implants are made biocompatible, closely
mimic the extracellular matrix of the body, create a biomechanical niche that is physiologically
relevant, and provide access to biological components necessary for successful tissue regeneration
because of their nanoscale design. The creation of biocompatible nanomaterials, such as carbon nano
tubes, nanoporous scaffolds, nanopatterned surfaces, nanofibers, nanowires, and NPs, is made easier
by recent advancements in nanotechnology. Certain types of nanomaterials have specific uses in tissue
engineering and regenerative medicine [59].
For instance, NPs are primarily used as carriers for the precise and regulated release of anti-
inflammatory, antioxidant, and growth factor medications. Moreover, nanopatterned surfaces can be
integrated into scaffolds to regulate various properties including mechanical characteristics, hardness,
and biodegradation [60]. To create nanoporous materials, methods like etching, sol-gel processing,
and electrochemical reactions are used. These materials exhibit enhanced surface area, activities
associated with diffusion of pore size, superior cell integration and protein adsorption. For tissue
engineering, particularly bone tissue engineering, they are a potential option, because of their effects
[61].
Researchers have demonstrated that redox-cycling alone is responsible for all antioxidant activities in
CeONPs, contradicting the earlier theory attributing antioxidant capabilities to oxygen vacancies and
redox-cycling between cerium in 3+ and 4+ states. As a result, the biological activities of CeONPs,
particularly in tissue regeneration, are explained by the surface ratio of Ce3+ to Ce4+. The delicately
regulated balance between oxidants and antioxidants is maintained by human tissues and organs to
sustain their activities. Oxidants are substances capable of generating reactive oxygen species (ROS),
while antioxidants have the ability to prevent the oxidation of other molecules and scavenge these
radical species [62].
Redox processes are generally thought of as being triggered by oxidants and antioxidants, or as
reduction and oxidation events, respectively. However, Several natural antioxidant mechanisms are
advantageous to every cell, including the thioredoxin system, glutathione (GSH) system, protective
enzymes and different vitamins like superoxide dismutase (SOD) and catalase (CAT). These systems
are redox-sensitive and capable of restoring the redox balance as needed. Numerous transcription
factors regulated by redox conditions, such as the nuclear factor erythroid 2-associated factor 2 (Nrf2),
also known as hypoxia-inducible factor (HIF), are involved in this process.
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GSH and SOD are abundant in mitochondria, where aerobic metabolism occurs, while vitamin E is
primarily located in the the plasma membrane. When there is stress from oxidation is present, cells
are unable to maintain homeostasis because the production of oxidants, such as reactive oxygen
species (ROS), increases excessively in comparison to the production of endogenous antioxidants
[63]. A prolonged and substantial increase in reactive oxygen species (ROS) can cause the main
cellular macromolecules to deteriorate, including lipids, deoxyribonucleic acid (DNA), and proteins.
However, evidence indicates that a brief and moderate increase in ROS is essential for redox signaling,
which plays a critical role in various processes such as inflammation and angiogenesis.

The future trajectory of clinical practice has been linked to therapeutic techniques that aim to activate
redox-regulated transcription factors, such as HIF and Nrf2, as reported. On the other hand, CeONP's
thermodynamic efficiency of redox cycling between 3+ and 4+ states on its surface and its noteworthy
ability to absorb and release oxygen are responsible for the vast range of activities observed in it.
Hence, a crucial component of research dealing with the possible application of CeONPs is the
designed biomaterials of these perspectives [64].

For instance, Passi et al. devised a multifunctional carrier based on silk fibroin, combining the
administration of imaging agents with antioxidants. Initially, silk fibroin nanoparticles (SFSNPs)
containing the antioxidant sulforaphane were fabricated through a one-step desolvation process.
Subsequently, self-assembling CeONP-CD@SFSNP nanocomposites were growing by linking
cationic CeONPs with polyethylenimine (PEI)-passivated carbon dots (CDs) at the surface-level of
these anionic nanoparticles via electrostatic interactions [65]. To generate positively charged CDs,
mulberry leaves (Morus indica) were utilized as a green carbon source, with branched
polyethyleneimine (bPEI) employed as a passivating agent.

The resulting CDs emitted green fluorescence, serving as molecular probes, although CeONPs was
incorporated to enhance the capacity of antioxidant owing to their unique redox characteristics. The
effective trapping size of the nanoparticles averaged 365 nm, with the sulforaphane content reaching
65.21%. The generated CeONP-CD@SFSNP nanocomposites allowed for the imaging of lung cancer
cells under oxidative stress caused by H202, while also significantly reducing ROS levels. In this
instance, sulforaphane activated the Nrf2 pathway, and CeONPs' mixed valency SOD and CAT
mimicking activities enhanced antioxidant activity.

In addition, CDs increased the action of antioxidants. The entire nanozyme may be useful for treating
a variety of lung conditions, including chronic obstructive pulmonary disease [66]. The capacity of
these nanocomposites to mitigate oxidative stress may facilitate tissue regeneration processes. It is
important to remember that Nrf2 activation serves as the molecular target for redox control. Because
they work together to decrease oxidative damages and stimulate the Nrf2 pathway, these
nanocomposites can serve as an excellent illustration of an inventive approach to reestablishing the
oxidant and antioxidant balance required for tissue regeneration. Regarding the second chemical
target, the HIF pathway, Nethi et al. employed functionalization techniques to enhance the CeONPs
pro-angiogenic potential.

To achieve this, they conjugated hydrophilic, biocompatible, and antifouling moieties, specifically (6-
(2-[2-[2-ethoxy-methoxy]-ethoxy]-ethoxy)-hexyl) triethoxysilane, with aqueous, dispersible CeO2
and trivalent metal (Sm) ion-doped CeO2 (SmCeO2) nanoparticles. When these nanoconjugates were
added to treated endothelial cells, ROS levels were either optimized or decreased. Therefore, in a
chick embryo model, functional nanoconjugates of SmCeO2 were found to stimulate the formation
of blood vessels and promote endothelial cell proliferation [67]. Traditional methods have several
drawbacks due to which researchers move towards advance techniques. Magnetic nanoparticles
typically degrade and leach; they are not biocompatible and clump together due to the magnetic
dipole-dipole attraction. These factors result in low stability and dispersity, which restricts their
application. Without surface architecture, the colloidal suspension of magnetic nanoparticles is readily
oxidized in air and vulnerable to losing its magnetism [68].

5. Advancement in Nanoparticle-enhanced Regenerative Medicine
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Multidimensional Bioprinting of Tissues and Organs
In the present day, regenerative medicine has made great strides, and transplants of organs, including
the liver, kidney, skin, and heart, are commonplace. Regenerative medicine is also frequently used to
treat congenital defects [69]. This can be attributed to the development and understanding of stem
cells, stem cell-based cell therapy/treatment, body parts, engineered organs [organs-on-chip, bioink-
based organogenesis (material that mimics the physical characteristics of extracellular matter, such as
tissue firmness, cross-linking process, thickness, bulk transfer attributes, e.g., transparency and
diffusion)-based the organogenesis process], growth regulators or developers, biological materials,
3D/4D scaffold or bioprinting technology devices, prosthetics, bioreactor-scale organogenesis, and
grafting (allo, auto, xenogenic), which separately or in combination have simulated tissue engineering
products and devices to serve as practicable solutions.
The development of multidimensional tissues, organs, and organ systems is well established.
Subsequently, the concept of printing multidimensional structures with cells emerged, advancing 3D
bioprinting. The most popular types of 3D cell culture process are hydro gel in addition to premade
scaffolds. To put it briefly, 3D or 4D systems are thought to be a workable substitute for in vivo
organization. The US Food and Drug Administration (US FDA) has recognized and approved a
number of multidimensional printing items, orthopedic devices, including medical instructions,
implants, and customized restorative tools. Even with the majority of multidimensional printing
techniques available today, medical applications have primarily involved the utilization of stiff,
inanimate structures intended to serve as structural or space-filling prosthesis. The main
characteristics of multidimensional printing technologies to create novel patient-specific goods are
demonstrated by the most recent developments in the style and producing nonliving implantable
multidimensional printed designs.
The fourth dimension of cell and tissue culture is an advanced dimension in regenerative medicine
that has been created by the combined advancements in tissue engineering and micro fluidics. Some
limitations, such creating hollow structures to create vascular constructs with multistage vasculatures
and to create the right milieu for cell development, differentiation into thick 3D structure, and
proliferation, still apply to three-dimensional organogenesis. Tissue engineering in the field of
regenerative medicine research could be greatly impacted by 4D bioprinting, which could lead to
more specialized and targeted methods that are simpler to implement in clinical settings. Numerous
obstacles have been encountered in the multidimensional bioprinting for biological components. Their
challenges include, but are not limited to, developing processes for growing and stem cells developing
functional cells, maintaining the micro- and macro scale regulation of mechanical abilities, and
artificial materials (metals, ceramics, and plastics) transitioning to biological functional materials.

Bioprinting Techniques

The most fascinating bioprinting technologies leverage the self-montage and auto sorting capabilities
of cells, which can be classified into three main categories according to the principles: Bioprinting
using extrusion, droplet, and laser assistance [70]. Each bioprinting method is unique and has pros
and cons for printing speed, resolution, deposition speed, bioink compatibility, usability, cost,
commercial availability, and basic biocompatibility. In extrusion-based bioprinting, the bioink is
drawn into cylindrical filaments by using mechanical or pneumatic potential energy to resolve surface
tension-induced droplet formation. This method differs from laser-based bioprinting, which uses laser
technology to print cells precisely and efficiently on a substrate. Methods based on
photopolymerization and methods depending on cellular transmission are the two main categories into
which they can be separated. Finally, utilizing thermal, electrical, or acoustic energy to deposit and
assemble microscopic bioink droplets layer by layer, droplet-based bioprinting prints the cells inside
of them. Droplet-based bioprinting can be divided to these categories: bioprinting with micro valves,
bioprinting with inkjets, electro hydrodynamic jetting, and acoustic droplet ejection.

Applications of Multiple Bioprinted Tissues
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Recently, fascinating multidivisional in vitro models that are capable of accurately recapitulating the
path physiology of particular objectives have emerged: engineered tissue/organ equivalents. In order
to create new, live tissues for use in medicine, scaffolds and cells are frequently used in tissue
engineering procedures. Despite major breakthroughs in synthetic tissue design, the inability of such
standard approaches to build structures with specific architecture terrain and the spatial arrangement
of cells has fuelled the quest for new alternatives. [71]. Multidimensional bioprinting a helpful
method for creating multidimensional tissue/organ analogs is. A revolutionary era in the development
and manufacturing of medical equipment is made possible. It is frequently applied to create
multidimensional scaffolds by layer-by-layer deposition. Typically, a dispensing mechanism is used
to deliver biomaterials to various space points, resulting in a scaffold with a precisely regulated
design.

The manufacture of tissue-engineered constructs has benefited greatly from the excellent precision
and repeatability of three-dimensional bioprinting at the manufacturing resolution. To replace
products treated with biocompatible materials like natural and synthetic polymers, recently developed
biodegradable metals, or organic and inorganic ceramic materials, techniques like stereo lithography,
targeted laser sintering, fused deposition modeling, precision extrusion deposition, and 3D printing
are used [72]. The integration of multidimensional printing technology with tissue engineering
provides enhanced capabilities for the quick production of regulated tissue scaffolds with adjustable
mechanical and structural topography, internal morphology, and porosity. By charging the specific
medication or protein molecule, customized multifunctional physiognomy has been improved to
direct the cellular environment.

MUL TIDIMENSIONAL
BOPRINTING
TECHNIQUES
EXTRUSION BASED LASERBASED DROPLET RASED
BIOPRINTING BIOPRINTING BIOPRINTING
b— MACHANICAL PHOTOPOL YMEMTZ A TION f—y mm
— PHEUMATIC CELL TRANSFER B JETTING
MICRO-VALVE
p— BIOPRINTING
—— SOULEmOID
| ACOUSTICDROPFLET
EJECTION

Figure 6: ioprinting Techniques [73]

Despite its many benefits for the biological growth of tissue scaffolds, interdisciplinary printing is
limited, particularly in cases when challenging transplantation or organ application is required. Cell
placement is necessary. It can be challenging to align cell placement for the seeding arrangement
when building the scaffold. On the other hand, several cell kinds and classes are ordered and link with
one another in a typical tissue and organ system in complex way. Large-density seed cells present
additional challenges since they are limited to adhering to the scaffold's surface and are unable to
penetrate the scaffold to access biomaterial within. Because biomaterials from scaffolds frequently
take up a lot of room, cells are unable to proliferate to a suitable quantity.

The development of thick tissue and organs depends on the presence of a vascular network, which
facilitates the efficient interchange of media necessary to keep the cells stable, oxygenated, and
functionally viable [74]. These difficulties have prompted scientists to develop bioprinting methods,
which involve enclosing cells in high densities and suitably printing and patterning them to create
anatomically realistic tissue structures.
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Cancer Treatment by Using Multidimensional Model

In comparison with 2D or monolayer culture, these models (3D or 4D) are more effective in treating
both early-stage and late cancer. Due to its lack of structural architecture, the two-dimensional
monolayer has important constraints. Multidimensional models can depict the various elements of a
tumor microenvironment, including angiogenesis, hypoxia, necrosis, and cell adhesion topology, in
an appropriately concise manner. Carrel adopted a multidimensional model for the first time in 1912.
Carrel successfully raised explants from a chick embryo and maintained its viability for a duration of
three months. By growing the tissues on a sponge matrix substrate, Leighton further enhanced the
Carrel method. Subsequent research employing these model systems to treat cancer or tumors aided
in the advancement. Histoculture, a far more sophisticated method of 3D culture, offers a number of
benefits, including 3D growth, the preservation of structure and organization, customized cancer
therapy by drug sensitivity testing, tumorigenicity, and in vitro differentiation of cancer stem cells
(CSCs) [75].

The integration of sophisticated computational and mathematical techniques along with the recent
development of novel innovations like micro fluidics may help overcome obstacles like development
and repeatability. To be a definitive tool for regenerative medicine, such model systems still have a
long way to go. In the future, screening the population for cancer may be a common procedure that
offers an alternative for accurate and timely cancer diagnosis. Human beings are opposed to
radiotherapy and chemotherapy [76] .

6. Theoretical and Clinical Investigation

Multidimensional organ cultures, such as 3D and 4D, are used in drug development, personalized
medicine, mutagenesis, carcinogenesis, and drug screening. This is because, in contrast to single or
monolayer cell culture systems, multidimensional organ cultures create a reproduction of the
biological environment, which helps the model grow and interact with its atmosphere in all directions,
improving the model's ability to imitate an in vivo cellular compartment. They are also able to
replicate reliable results. These systems or models can be applied to patient care research as well as
graduate student training in medicine.

One of the main problems is that, even in vivo situations like vascular pressure without leakage or
aneurysm formation the created replica does not satisfy its cent percent criterion. Still, some of them
are effective in tests including animal experiments. Secondly, the choice of biomaterial is crucial since
it has to meet acceptable physiological criteria or function as a gold standard for a clinically acceptable
biomaterial template. To create a successful translational product, interdisciplinary subjects must be
original and possess high-caliber in-depth knowledge of several domains. Even so, TE has overcome
obstacles to produce a number of successful products. The next difficulty is an industrial collaboration
that complies with international standards or is certified [73].

Table 2: List of the companies dealing in field of regenerative medicine worldwide [73]

COUNTRY | COMPANY NAME SPECIFIC FIELD

Australia Living Cell Technologies Regenerative medicine

USA Regen BioPharma Regenerative medicine, , small molecule cell
therapy

USA Histogen Regenerative medicine

USA Cellf BIO Regenerative medicine related therapy for fecal
incontinence

USA Mesoblast Regenerative medicine

European Union Tikomed Regenerative medicine

Celixir Regenerative medicine

Israel Cellect Biosciences Regenerative medicine

South Korea MEDIPOST Stem cell technology, Regenerative medicine

New Zealand Living Cell Technologies Regenerative medicine

Malaysia Stempeutics Research Sdn. Bhd. | Therapeutics, regenerative medicine therapy
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7. Nanoparticle Delivery System In Regenerative Medicine

Delivery Systems for Nanoparticulates For effective periodontal tissue regeneration, nanoparticles
improve the in vivo efficacy of bioactive compounds by facilitating simple penetration, improving
drug-release Kinetics, and enabling regulated distribution. There are numerous types of
Nanoparticulates delivery systems [77], such as micelles, liposome’s, polymeric, solid lipid,
inorganic, nanotube, dendrimer, and solid lipid nanoparticles. On the other hand, Nanoparticulates
delivery strategies for periodontal tissue regeneration include.

Liposomes
Since liposomes have a bilayered structure, are biodegradable, biocompatible, non-toxic, and
immuneogenic, they are widely known to be excellent drug delivery methods [78]. The polar head
groups of liposomes are structurally oriented towards both the inner and outer aqueous phases,
granting them the unique capacity to deliver molecules having diverse solubility. It has been shown
that therapeutic biomolecules for periodontal regeneration can be delivered by the physical action of
ultrasonography. plasmid DNA delivery technique into the gingiva [79], which could aid in the
management of periodontitis. After developing "Bubble liposomes,” a helpful carrier for delivering
drugs or genes, Suganos et al. investigated the possibility of combining Bubble liposomes with
ultrasound to transfer genes into gingival tissues. An effective method for transferring plasmid DNA
into the gingiva was made possible by the combination of bubble liposomes and ultrasonography,
which may aid in the treatment of periodontitis. Due to their combination of hydrophobic and
hydrophilic properties, negatively charged liposomes are considered versatile tools in the realm of
drug delivery systems [80].
A unique pH-activated nanoparticle called TMC-Lip-DOX NPs was created by Hu et al. using a
liposome, doxycycline, and quaternary ammonium chitosan, also known as N, N, N-trimethyl
chitosan. The results showed that TMC-Lip-DOX NPs had outstanding biocompatibility with
hPDLSCs, could effectively prevent biofilm development, free mixed bacteria, and had good promise
for treating periodontal inflammation. it’s crucial to concentrate on the macrophage states of
activation in bone regeneration because numerous studies have revealed that these cells can regulate
inflammation resolution and healing by inhibiting proinflammatory stimuli, removing dead cells by
efferocytosis, and enhancing neovascularization, which is necessary for tissue regeneration [81].
Since the structure and functionality of liposomes are quite similar to those of the biological
environment, the drug payload of liposomes acts on macrophages by depositing lipid components at
specific sites. This explains why, The suppression of TNF-a release in macrophages by 2%
minocycline hydrochloride liposomes was shown to be much more effective than that of periocline
and minocycline hydrochloride solution. This is crucial for reducing the damaging effects of cytokine-
mediated tissue damage in periodontitis. minocycline hydrochloride liposomes synthesized by Liu et
al. capable of targeting specific locations within macrophages, as liposomes present feasible objects
for phagocytosis by natural macrophages [82].
The nonflavonoid polyphenol resveratrol (RSV) is well-known for its anti-inflammatory and
immunomodulatory properties. In order to stop the spread of inflammation, in their study, Shi et al.
created a unique liposomal system containing resveratrol (Lipo-RSV). They found that Lipo-RSV
exhibited biocompatibility and was capable of altering the phenotype of inflammatory macrophages,
shifting them via turning on p-STAT3 and suppressing p-STAT1, from M1 toward M2-like.
Consequently, it led to a reduction in pro-inflammatory cytokines such as IL-1p, IL-6, and TNF-a.
This finding suggests Lipo-RSV can serve as a promising drug delivery system for periodontal
diseases that do not necessitate antibiotic treatment. Although liposomes have been largely successful
in drug delivery, despite their advantages, polymeric nanoparticles still encounter several challenges,
including physical stability and restricted chemical, ,and complexities in optimizing the production
process and drug leakage.Fortunately, many of these hurdles can be recovered and further
enhancements could be achieved with changing the composition and properties of the vesicles [83].
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Polymeric Nanopatrticles
The advantageous metabolic and physicochemical features of polymers make them essential
components of drug delivery systems. What set them apart from inorganic nanoparticles are properties
including their lack of immunogenicity, biological inactivity, and the ability of functional groups to
facilitate the covalent attachment of target moieties. Periodontal flaws have been treated with a wide
range of polymeric nanoparticle-carriers, both natural and synthetic [84]. Additionally, a variety of
techniques have been used to enhance the therapeutic impact of polymeric nano-drug delivery system
(DDs), including structural customization, the use of biodegradable polymers in combination, and
carrier surface modification to ensure extended retention at the injured areas [85]. These nanoparticles
offer numerous advantageous properties such as biocompatibility, antibacterial activity,
biodegradability, on-toxicity, and osteoinductive effects [86], Chitosan (CHT), derived from the
deacetylation of chitin, stands out as one of the most extensively researched nanometric excipients for
treating periodontal defects.
Unlike rigid synthetic polymers such as polyglycolic acid (PGA) and polylactic acid (PLA), chitosan
exhibits flexibility in humid environments. Chitosan has been utilized to promote good periodontal
tissue repair because of its biodegradability profile, which allows it to be kept in place as a barrier for
up to 4-6 weeks. There have been reports on the biodegradation of chitosan membrane manufactured
using various methods; after 90 days at room temperature in phosphate buffer saline (PBS), pure
chitosan membrane degraded by 15-40% [87]. In a different study, the rate at which chitosan degrades
and releases itself can be adjusted for a particular duration in the process of bone tissue regeneration.
Chitosan possesses a cationic nature and can produce stable complexes having great number of
polyanionic molecules, such as nucleotides, making it a potential carrier for gene delivery without the
need for viruses. However, while chitosan may be beneficial for addressing osseous abnormalities, its
osteoconductivity requires enhancement for optimal bone regeneration. To improve its bioactivity,
chitosan can be combined with other bioactive substances. Recent studies have shown that composite
biomaterials incorporating bioactive glasses and biodegradable polymers exhibit favorable
osteoconductivity, bioactivity, and biocompatibility both in vitro and in vivo. To facilitate guided
bone regeneration, Mota et al. proposed combining chitosan (CHT) with bioactive glass nanoparticles
(BG-NPs). Their research revealed that their addition to CHT membranes led to a reduction in
mechanical properties but enhanced bioactivity. This enhancement included promoting cell
mineralization and metabolic activity, in addition to causing simulated bodily fluid (SBF) to deposit
bone-like apatite [87].
Nanogels are tiny, water-loving polymer networks that have gained a lot of attention for delivering
drugs. These nanosized gels are popular because they're biocompatible, stable, customizable in size,
and can hold a lot of drugs. Plus, their surfaces can be modified for precise and efficient targeting.
With diameters under 200 nm, nanogels are excellent carriers for peptides, SIRNAs, and medicines.
Nanogels can also be added to tissue scaffolds to influence cell behavior, altering the scaffold’s
structure, mechanical properties, and texture. Moreover, they help prevent proteins from clumping
together or breaking down. For example, proteins within these cross-linked nanogels remain stable
even at high temperatures and in the presence of organic solvents. [88].
Alles and colleagues investigated the potential of a drug delivery system using cholesterol-bearing
pullulan (CHP) nanogel, with the TNF-o. and RANKL antagonist W9-peptide as a model. Their
research showed that the CHP-nanogel was easy to use for transporting peptides in living organisms,
effectively serving as a carrier for the W9-peptide and preventing it from clumping together. This
indicates that CHP-nanogel might be capable of reducing bone resorption by facilitating the controlled
delivery of peptides. In addition, He and his team have developed an innovative asymmetric barrier
membrane to overcome the shortcomings of conventional membranes, which often do not have
adequate bone-forming (osteoconductive) and antibacterial properties.The key component of this
barrier membrane is a nanoscale agarose hydrogel, sedimented within agarose to create an
asymmetrical structure. These features, combined with the membrane's enhanced biocompatibility
and mechanical strength, suggest it could be useful in periodontal tissue engineering. Poly (lactic-co-
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glycolic acid) (PLGA), a synthetic biodegradable polymer, is favored for therapeutic drug delivery
systems due to its biodegradability, biocompatibility, suitable degradation rates, and adjustable
mechanical properties. Its versatility allows for the encapsulation and delivery of a wide range of both
water-soluble and water-insoluble compounds. Researchers have explored using PLGA nanoparticles
to deliver BMP2 as a key component. Additionally, there's ongoing research to develop a blend of
silver nanoparticles, chitosan, and PLGA [89].

Inorganic Nanoparticles and Nanocrystals
The two inorganic nanoparticles that are most commonly studied for the treatment of periodontitis are
calcium-containing nano-biomaterials for bone regeneration and metallic nanoparticles with
antibacterial and regenerative properties. Inorganic nanoparticles have a number of advantages over
organic ones, including long-lasting activity, chemical stability, and resistance to heat. Strontium
cation (Sr2+) has been found to inhibit osteoclast activity, facilitating the mesenchymal stem cells
(MSCs) differentiation in the bone tissue. Due to its dual biological activity of promoting bone
formation (osteoanabolic) while inhibiting bone resorption (anti-resorptive), as a medicinal agent,
strontium ranelate has been approved to help with bone rebuilding and manage osteoporosis.Recent
research has shown that strontium treatment dramatically boosted the expression of genes linked to
osteoblasts and osteogenic-differentiating MSCs' alkaline phosphatase (ALP) [90].
Marins et al. looked at how strontium ranelate affected rats with different levels of estrogen that had
ligature-induced periodontitis. Their findings indicated that strontium ranelate partially increased
trabecular bone area in both estrogen-deficient and estrogen-sufficient conditions. Particularly, it
demonstrated efficacy in preventing rats lacking in estrogen experienced bone loss due to ligatures.
Additionally, the compound seemed to exert an anti-resorptive effect by disrupting the production of
bone markers. In a related study, Miranda and colleagues examined how strontium ranelate affected
the way that tooth extraction wounds healed in rats with various estrogen levels.The optimal nano-
DDSs for periodontal regeneration should be able to limit the activity of both bacterial pathogens and
favor osseointegration with host tissues. For this reason, a method of adding ceramic-based
nanoparticles to polymers has been suggested [91]. To enhance the osteo/odontogenic potential of
human mesenchymal stem cells, a separate investigation described the incorporation of phenamil, an
activator of the bone morphogenetic protein (BMP), into strontium-doped mesoporous bioglass
nanoparticles.
Zamani et al. discovered that these composites might enhance the antibacterial qualities, bioactivity
of alginate, and mechanical strength in their investigation into the impacts of adding zinc and
magnesium ions into bioactive glasses. This could have main applications in the regeneration of bone
tissue. According to reports, silver and zinc-based nanoparticles (NPs) have a major impact on
enhancing osteogenic qualities and squelching bacterial activity [92]. However, when these NPs
degrade, the body may accumulate heavy metal elements [93]. Magnesium oxide nanoparticles
(nMgO) have attracted considerable interest in recent biomedical research focused on periodontal
regeneration, thanks to their recognized benefits in promoting osteoinductivity and antimicrobial
properties. In a study by Liu et al., it was shown that the osteoinductive effect of magnesium ions,
which is dose-dependent, was observed a poly (L-lactic acid) (PLA)/gelatin periodontal membrane
along with MgO nanoparticles incorporated in rabbit bone marrow stem cells (rBMSCs) [94].

Conclusion

Regenerative medicine has the potential to completely transform healthcare by repairing harmed
tissues and organs using the body's naturals healing processes. Nanoparticles can be used as flexible
instruments in regenerative medicine, surpassing the limitations of conventional therapy.
Nanoparticles provide a variety of opportunities to enhance regeneration processes, including targeted
drug administration, imaging, and tissue engineering. They are the perfect choice for precisely
controlling cellular behavior and delivering therapeutic cargo due to their compact size, great surface
area-to-volume ratio, and changeable surface chemistry.
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Historical turning points show how uses for nanoparticles have developed over time, from preliminary
studies to complex drug delivery schemes intended to promote tissue regeneration and repair. Early
investigations reveal the fundamental principles established by the field's pioneers, and significant
turning points emphasize the revolutionary potential of nanoparticle interventions. Regenerative
medicine is starting to rely heavily on nanoparticle drug delivery technologies, which provide precise
control over therapeutic payloads to maximize efficacy and reduce side effects. This study concludes
by summarizing the revolutionary field of nanoparticle-enhanced regenerative therapies, which is
situated at the nexus of cutting-edge research and practical application. Nanoparticle technologies
have great promise for transforming patient care and meeting unmet medical needs as we stand on the
brink of extraordinary discoveries. Researchers can advance regenerative medicine by utilizing the
special qualities of nanoparticles, opening up new avenues for the precise and effective regeneration
of damaged tissues in the future.
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