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Abstract

The complex nature of wound healing is influenced by a variety of factors such as mechanotransduction, inflammation,
cellular senescence, remodeling of the extracellular matrix, and signaling in regenerative mechanisms. Disruption in mech-
anotransduction can alter the cellular activities, gene expression, and tissue architecture and can lead to chronic non-
healing wounds due to a range of issues. Nanotechnology has made it possible to resolve these issues through a better
understanding of the processes involved. By using different types of nanocarriers such as liposomes, polymeric nanopar-
ticles, and multifunctional nanostructures, it is possible to deliver drugs efficiently and in a way that would prevent them
from destruction in the wound environment. The functional nanoparticles and nanozymes are able to produce their antimi-
crobial, antibiofilm, and antioxidant effect which creates comfortable conditions for the processes taking place in tissues.
New innovations in nanomedicine take into account issues of the cellular aging and inflammatory processes while ensuring
that they do not influence healthy cells. Multifunctional platforms also contribute to the modulation of signaling of growth
factors, transcriptional activity, and calcium-dependent pathways involved in rejuvenation. Inmunomodulatory nanothera-
pies may support the polarization of macrophages to pro-reparative phenotypes and regulate the activity of neutrophils,
while smart systems with the ability to sense pathological biomarkers may enable adaptive treatment of wounds. In total,
these methods contribute to the comprehensive regulation of the mechanical, inflammatory, and regenerative aspects of
wound healing. Nevertheless, strict preclinical and clinical evaluation of different types of wounds is necessary before
establishing their safety, effectiveness, and possibility of practical application.
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Introduction

The wound healing models offer unique opportunities to ex-
plore the molecular and cellular features underlying wound
repair. Treatment of wounds and their management is ineffi-
cient although numerous available medications are present.
Conventional therapeutics have insufficient efficacy in treat-
ment of different wounds such as the traditional ones includ-
ing gene therapy, cell therapy and other treatments.[l Thus,
the need for innovative treatment approaches has become
inevitable and the emergence of technological therapeutics

such as nanotherapeutics, bioengineered skin substitutes,
3D bioprinting of skin substitutes and stem cell therapy.?
Skin wound healing can be accelerated by increasing the ac-
tivity of signaling molecules like calcium and gasotransmit-
ters. Gasotransmitters, in this case, are bioactive agents,
which penetrate cells and have presented themselves with
antioxidative effects that are known for boosting up the heal-
ing processes. Calcium supplements, in their turn, have pos-
itive effect on immune function boosting up the healing pace.
Chronic wounds related to diabetes mellitus and certain in-
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flammatory illnesses require treatment of special nature. It is
important to mention that Wnt and notch signaling pathways
are responsible for the determination of cell destiny in the
process of skin regeneration, in particular wound healing.

To establish this proof-of-concept, strategies grounded in ge-
netics, treatment response, and phenotypic characterization
must be employed as both preventative and regenerative
therapeutic approaches. This underscores the need for con-
tinued research and preventive measures in this field, as well
as a deeper understanding of the molecular mechanisms un-
derlying healing responses and impairments observed in an-
imal models. Ultimately, translating these therapies into clin-
ical practice will require well-defined clinical objectives, effi-
cient and well-designed human trials, accurate patient diag-
nosis, and a thorough understanding of individual heteroge-
neity.[¥l Recent innovations in nanotechnology have provided
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valuable insights into the functions and processes of cells.
With these new tools and technologies, scientists have effec-
tively created a new kind of regenerative medicine. These
nanotherapeutics serve to enhance the way cells communi-
cate mechanically so that damaged organs and tissues can
be revived with the help of advanced nanodevices and
tools.[¥l Nanoparticles have the ability to modify mecha-
notransduction machines because of the specific physical
and chemical features they provide for the preparation of pre-
ventative and regenerative medicine.®! The advancement of
these technologies in medicine enables the development of
new therapies that facilitate the successful delivery of nano-
medicines where they are needed. For creating new prac-
tices in the field of medicine, contemporary nanoparticles and
their derivatives have been used in order to develop new bi-
omaterials for wound healing and tissue repair.
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Aging of cells occurs when cells attain their maximum ability
to divide and stop doing so, without going through destruction.
This condition almost invariably plays a very important role in
different biological processes, such as tissue repair, aging,
and more.[! As per findings, prolonged and persistent cellular
senescence is observed in the case of chronic wounds, while
initial stages of wound healing is characterized by stimulated
functional activity and differentiation of fibroblasts. The com-
plexity of physiological role of cellular senescence is illus-
trated in the process of cutaneous wound healing, as senes-
cent phenotypes show contradictory effects due to the timing
of appearance, content, and nature of cells in order for wound
closure to take place successfully. The nanotherapeutics
take advantage of bio/nanomaterials that stimulate natural
healing processes taking into account genetic, phenotypic,
and cellular aspects.l’! These bio-inspired hybrid/composite
nanomaterials will benefit the expansion of (i) preventive and
regenerative medicine for tissue, organ, and bone regenera-
tion; (ii) bioimaging agents with enhanced mechanical stabil-
ity; (iii) biocompatibility and antimicrobial effectiveness; (iv)
delivery of drugs, growth factors, and genetic material to pro-
mote tissue regeneration; and (v) cell imaging and stem cell
tracking with built-in regenerative capabilities.!®! Nanothera-
peutic platforms (such as liposomes and polymeric nanopar-
ticles), exhibit a number of advantages in terms of their phys-
ical and chemical properties and their ability to cross various
biological barriers.

Biomechanical signals generated by nanotherapeutics con-
tribute to restoring normal cellular activities. At the same time,
targeted mechanisms of action of these materials can re-
verse the process of cellular senescence whilst regulating
crucial signaling pathways via controlled release of therapeu-
tic agents. These characteristics make nanotherapeutics ef-
fective therapeutic agents for improving tissue repair and re-
generation, but the underlying mechanisms still require fur-
ther studies. This review highlights the intracellular signal
transduction pathways together with cell mechanotransduc-
tion which include wound healing; the physical, chemical and
biochemical processes contributing to the cell mecha-
notransduction; the diseases associated with flawed signal-
ing and the possibility of recovering cell functions; the role of
calcium signals and cellular aging in wound repair as poten-
tially critical regulators of the healing process; and the novel
functions performed by neutrophilic cells in the healing pro-
cess and tissue repair.®! Moreover, the review briefly de-
scribes the advanced nanomedicine techniques aimed at im-
proving the wound healing and the tissue recovery through
influencing and reprogramming critical cellular processes
(e.g., mechanotransduction and cellular senescence).
Cellular Mechanotransduction and Intracellular Signal-
ing Pathways in Wound Healing: Current Insights and
Emerging Perspectives
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A reflex, or reflex activity, means a spontaneous involuntary
event of reaction to a stimulus; this phenomenon seems sim-
ilar to rapid cellular response events. In the process of crea-
tion or perception of reflex activity, the presence of a certain
form of sensitivity (or receptiveness) in a system is needed.
In particular, this means that in the cellular process, these
reactions are realized with the help of mechanosensing.['"]
Mechanical force is essential for the process of mecha-
notransduction, wherein the cells convert mechanical stimuli
or forces into biological signals to affect their behavior. This
paper explores the various signaling pathways and methods
used in the field of theranostics.['"! This system works
through two interacting phases: the forward phase and the
backward (response) phase. These two phases together ac-
count for changes taking place in the system. The concept of
forward-backward relationship can be defined as comparing
the perception of the mechanical force and the response of
the cell, which helps to restore or maintain the symmetry (ho-
meostasis) in the cellular environment. Thus, mechanical
forces initiate changes, making use of the mechanosensors,
that control the cellular processes.['? Mechanosensors are
found in lipid bilayers, with one end available for pulling and
the other surrounded by extracellular matrices or the cyto-
skeleton. The lipid bilayers vibrate during these activities.!3]
It is vital to discover which molecules detect shifts in the sur-
rounding cell environment to understand how they initiate
downstream chemical reactions. These reactions are critical
in the context of both preventive therapies and regenerative
therapies. The accompanying diagram shows how both the
chemical signals and mechanical processes move together
to bring about these cellular changes. There are both internal
and external nature factors causing increase in the mechan-
ical strain in the cell environment and triggering the cytoskel-
eton, which will continue these signaling processes.['4 Inter-
actions between various processes can affect cellular signal-
ing, necessitating careful examination of changes in cell func-
tioning. The author emphasizes the complexity of mecha-
notransduction mechanisms, which modify cell behavior and
maintain homeostasis through different stresses.''l Re-
search presents this issue as a primarily multicellular issue
and indicates that cell adhesions play a crucial part in trans-
forming mechanical forces into biochemical signals. In multi-
cellular setups, cell-cell or cell-matrix adhesion complexes
are of huge importance when it comes to tissue integrity
maintenance and tissue healing processes as well. These
adhesion complexes are responsible for distributing mechan-
ical strain along the ECM and, consequently, for shaping the
cells' ability to sense and react to different mechanical
events.["f Mechanotransduction pathways in the cell's micro-
environment play an integral role in controlling basic func-
tions of the cell, such as survival, shape, and movement. It is
crucial to comprehend these pathways correctly to discover
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effective preventive and regenerative methods of treatment.
Subsequently, the knowledge can be applied for the creation
of nanotechnologies.['! Investigating how multicellular tis-
sues react to mechanical stressors and understand the flow
of information between cells is necessary. In designing and
utilizing nanoscale theranostic devices, one has to bear in
mind the principles of mechanosensing that affect all pro-
cesses.['l Thus, redesigning these tools to accommodate
multicellular assemblies is required. In such assemblies,
when intercellular communication is affected, the result is
changes that interfere with the normal functioning of cells.
This disturbance affects essential processes such as cell po-
larization, differentiation, junction remodeling, migration, in-
tercalation, and extrusion.['® To further the progress in the
field of preventive and regenerative treatments, it is essential
that certain key scientific questions be solved. Research ar-
eas that must be addressed include how cells detect and
handle the mechanical forces of neighboring cells, how they
react to those forces, and how they transform them into bio-
chemical stimuli.l'®l Mechanical sensors perceive mechanical
forces and correlate structural alterations involved in this pro-
cess, transducing these changes into biochemical signals for
mediation of the interactions between cells and with the ex-
tra-cellular matrix (ECM), thus initiating a cascade of several
downstream signaling mechanisms. In mechanosensitive ion
channels, mechanical forces induce conformational changes
participating in the opening of the channel and initiating the
action of downstream enzymes, which represent the basis of
cell signaling according to the tethered model of mecha-
notransduction (Fig. 1).[2%

The lipid bilayer model elaborates on the conversion of me-
chanical forces applied to cell membranes into biological sig-
nals by means of force-induced conformational changes in
the proteins that are embedded in the membrane. If the bio-
chemical process is not properly regulated, then abnormal
deposition of extracellular matrix proteins occurs, which
makes any progress toward the field of preventive and regen-
erative medicine very challenging.?"l It is thought that aging
diseases and other major diseases are caused by the dys-
function of cellular mechanosensing. This malfunction leads
to destruction of cells and tissue, which makes it impossible
for new tissue to grow and damages healthy tissues. True
function of cells depends on their ability to detect and inter-
pret the mechanical surroundings. When this mechanism
does not function properly, it means that ion channels cannot
be controlled. The primary factors that may lead to the devel-
opment of ilinesses are cells' capacity to respond to biochem-
ical signals and act in response to changes in the extracellu-
lar matrix.

In multicellular environments, adherens junctions use cad-
herin proteins for cell-cell adhesion. These proteins bind to
catenin, initiating processes involving filamentous actin for

cell structure support. This sequence continues to operate
until it activates the adapter protein catenin, which then
brings vinculin into the complex.?? Their signaling pathways
are maintained until new mechanical links are created among
adhesion proteins of the neighboring cells. The cadherin-
catenin complex makes the assembly more dynamic. The
function of catenins is significant for the operation of the cad-
herin-catenin adhesive complex, since they respond to me-
chanical stimuli that impact the intensity, as well as the sta-
bility, of protein interactions in the complex. % In the absence
of such mechanical responses, cell structures can become
susceptible to deformation. The process of wound healing
consists of four key stages, which overlap with one another.
Chronic wounds result from disrupted healing involving cyto-
kines, growth factors, and the JAK/STAT pathway, with tradi-
tional treatments often failing; this review explores the roles
of PBM therapy, Wnt signaling in stem cell regulation, wound
healing, fibrosis, and potential therapeutic strategies target-
ing these pathways (Fig. 2). It also points out the new meth-
ods to treat fibrotic conditions and the obstacles in this area
like the decrease of stem cells availability or their decreased
self-renewal capability connected with aging and cell stress.
[24]

Modulating Wnt signaling may support tissue damage repair,
given its central role in regulating stem cell activity throughout
the healing process. However, precise control of Wnt signal-
ing is essential to prevent adverse effects. This review em-
phasizes recent findings on Wnt's involvement in reducing in-
flammation, mobilizing stem cells, and regulating pro-
grammed cell death (apoptosis). ?° These results lead to the
design of therapeutic treatment methods based on Wnt for
tissue restoration and new-generation wound management.
The understanding of the molecular mechanisms behind the
activities and adhesion of cells will play an important role in
the development of new preventive and regenerative treat-
ment techniques. The current literature on mechanotrans-
duction, signaling pathways, and mechanosensing is re-
viewed by the authors. The authors describe how cardiac
muscle cells react to mechanical load, with a focus on the
structural and functional modifications resulting from meta-
bolic processes in the heart. This section answers some of
the questions raised earlier in the literature.?” This reaction
acts as a short-term adaptation to the initial change in the
mechanical load. Still, long-lasting stress can harm the heart
and contribute to hypertrophy and heart failure.

Research on stem cells has great potential for solving prob-
lems connected with both heart and cartilage by using mes-
enchymal stem cells. The present study is aimed at analyzing
the function of MSCs in mechanotransduction and develop-
ment of cardiomyocytes and their potential for use in tissue
engineering and treatment of heart diseases.?®! The ability of
endothelial cells to detect blood flow forces is incredible, as
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Cellular Mechanotransduction and Intracellular Signaling Pathways
in Wound Healing: Current Insights and Emerging Perspectives
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Figure 1. Cellular Mecha-
notransduction and Intracel-
lular Signaling Pathways in
Wound Healing: Current In-
sights and Emerging Per-
spectives. Schematic repre-
sentation of the major mech-
anotransduction mechanisms
involved in wound repair, il-
lustrating how mechanical
forces, extracellular matrix
(ECM) stiffness, and cell-
matrix interactions are
sensed through integrins and
focal adhesions and trans-
mitted to the cytoskeleton.
These mechanical cues acti-
vate intracellular signaling
pathways, including FAK,
PI3K/AKT, Rho/ROCK, and
MAPK/ERK cascades, lead-
ing to cytoskeletal remodel-
ing, cell migration, prolifera-
tion, differentiation, and fibro-
blast activation. Mechanical
regulation of YAP/TAZ nu-
clear translocation further in-
fluences mechanosensitive
gene expression and ECM
production. Collectively,
these pathways coordinate
cellular responses, tissue re-
modeling, and wound clo-
sure, highlighting mecha-
notransduction as an im-
portant interface between
mechanical stimuli and intra-
cellular signaling during tis-
sue repair.
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they are known for turning physical stress from fluid and pres-
sure into a series of chemical reactions and signals related
to blood vessels. Once communication happens from this
chemical reaction process, kinases are able to activate initi-
ation of cellular oxidation and modification of the amount of
voltage across cellular membrane. This oxidation process
leads to activation of an inflammatory signal pathway. It be-
comes feasible to use nylon technologies for stopping this
illness development.”® Endothelial mechanotransduction
pathways will be modulated for therapeutic reasons using na-
noscale devices. Inflammation leads to vasoconstriction and
high oxidant concentration in blood vessels. Investigation into
the mechanism reveals the effect of inflammation on these
signaling pathways and downstream events.% The results of
this study may have considerable implications for the ad-
vancement of preventive and regenerative treatments for
wounds and tissue repair (Fig. 3). The inflammatory re-
sponse caused by mechanical stress on the endothelial cells
of the vasculature represents the initial step in the develop-
ment of diseases.

New nanodevices must focus on these cellular processes to
be effective in healing. Cells operate in complex environ-
ments.B1 The role of cellular response to mechanical stimuli
is crucial to preserve homeostasis and influence the devel-
opment of multiple pathological conditions. Knowledge about
the translation of mechanical stimuli into biochemical re-
sponses offers promising strategies for improving bone
strength, cardiac function, cartilage development, and the de-
sign of artificial organs. This article summarizes the principles
of mechanotransduction, approaches applicable in experi-
ments involving mechanical stimulation of cells, and some in-
sights derived from experiments exploiting targeted mechan-
ical stimulation of cells.l'¥ Mechanotransduction refers to the
process through which living cells convert mechanical signals
from the extracellular matrix or from the cells surrounding
them into biological responses. This process is important in
tissue development and in age-associated diseases. Recent
studies have indicated that mechanotransduction modulates
vital cellular processes such as proliferation, migration, and
differentiation.® Accordingly, a deeper understanding of
these cellular events is essential and will directly inform the
design of novel regenerative nanotherapeutics.

From Signals to Solutions: Integrating Mechanotrans-
duction Cues into Nanotherapeutic Design

Physical forces play an essential role in the physiological pro-
cesses whereby cells and tissues utilize mechanotransduc-
tion to convert the mechanical signals from the environment
into biochemical results. This physical communication is ac-
complished through the combined action of the cytoskeleton,
cell-matrix adhesion molecules, extracellular matrix, and also
through the cell membrane, which links the cell to its environ-
ment.® Recent findings emphasize the significance of the
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role of protein unfolding caused by mechanical action being
one of the main mechanisms of mechanotransduction. Re-
searchers now continue their work to discover mecha-
notransduction pathways, with the purpose to explore na-
noscale mechanisms allowing to direct the functioning of the
cells.['? Achieving this goal would require nanofabrication an
innovative technology focused on designing tools at the na-
noscale in order to create an environment that can directly
activate the ECM. At the very least, these developments will
be instrumental in controlling the activity of cells and devel-
oping nanotherapeutics that provide a working mechanism
for interaction.B Cells are structurally complicated in nature
and composition, which makes it difficult to carry out their
thorough characterization. However, advanced nanoscale
techniques are now widely used by the researchers in the
study and manipulation of cells in accordance with single-
molecule resolution.® These techniques are used to create
materials designed as nanodevices and nanotools that rep-
resent the cell-matrix interface of cells, allowing the study of
the cellular environment. Nanoscale devices and three-di-
mensional microporous scaffolds can reveal some unex-
pected details about the components of the cell and their
functions, as well as detect the property of the cell surface.

To appropriately guide the actions taken by cells at the na-
noscale, it is important to study the parts of cells and their
connections. Attention must be devoted to the three aspects
of cell behavior: adhesion, signaling, and biochemical func-
tionalization, which might help to find new unknown pro-
cesses. These three aspects working together affect cells
‘action. In this regard, biomimetic scaffolds are used to study
the interactions between cells with each other or with their
environment concerning angiogenesis.* The major difficul-
ties are connected with drug development and fluid move-
ment in the cellular system. The methods of high-resolution
imaging and biomimetic templates make it possible to meas-
ure these issues. The assessment of the interfaces created
by the cell and new materials is essential to determine how
to overcome the problems of manipulation of cells.®l Im-
portant aspects to investigate include nanotopography, intra-
cellular events, cell pathways, cellular dynamics, mechano-
sensing, and adherens junctions to comprehend cell func-
tions and care methods.®¥ Nanotopographical machines,
such as nanotools and nanodevices, aid in designing strate-
gies to control cell behavior by recognizing physical and
chemical signals that manage cell activity and signaling path-
ways.“ Nanotechnology is credited for creating advanced de-
vices that effectively identify and manage stimuli-responsive
interfaces, regulating extracellular cues through intracellular
sensing.B¥ The development of nanoengineered cell-nano-
material interfaces and understanding cellular mechanisms
will create significant opportunities for precise bioimaging, di-
agnostics, and therapies in regenerative medicine.“% Recent
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research indicates that bold ideas about nanotechnology
may soon come true. Studies show that devices with na-
nometer-size structures may affect the functioning of cells.
However, more studies are needed to know the response of
cells and tissues to these nanodevices, which can confirm
their usefulness in biomedical sciences. If nanomachines and
nanotools prove effective in regenerative therapy, they can
become an important option in regenerative medicine.*' Na-
noscale tools and devices enable direct interrogation of cel-
lular behavior and the molecular processes that underlie it.
Nanoprobes make it possible to visualize and quantify the
chemical and biological cues that regulate cell migration, pro-
liferation, and function (Fig. 4).#? The results influence a bet-
ter way to deliver drugs, useful for making regenerative med-
icines that help cells regenerate and heal. The interaction be-
tween cells and nanoparticles improves biological functions.
Recent research on neuroblastoma cells used gold surfaces
with different roughness levels for regeneration as supporting
evidence.” Neuronal sensing responds to nanotopography
surfaces and aids in regeneration. Scaffolding materials must
mimic cellular environments and cues.* Gold nanoparticles
in scaffolds improve stem cell growth and change cell adhe-
sion and signaling.? Nanoroughness surfaces during cell adhe-
sion processes can cause neurons to lose their polarity, and their
roughness levels are interrelated to necrosis and cell death pro-

cesses.*dl Their presence does not significantly affect cell or-
ganelles or mechanisms like nuclear condensation and Golgi
apparatus fragmentation. Nanodevices and nanotools' sur-
face topography controls cell behavior. Cells specifically ad-
hered and functioned only on flat gold stripes, promoting pre-
cise biological reactions from nanostructures.”] Key mecha-
nisms and pathways, such as motility, differentiation, prolif-
eration, apoptosis, and mutations, were identified through in-
tracellular and extracellular mechanisms.

Nanotools and nanodevices enabled detailed studies at the
single-cell level.#8 Both in vitro and in vivo applications in-
volve the use of nanodevices and nanotools to facilitate the
imaging of tissues and cells. Studies show that mechanosen-
sors within the cell can convert mechanical signals into bio-
logical signals. Using mechanical vibrations to create mech-
anotransduction pathways can thus allow for the manipula-
tion of cell behavior without the use of drugs.#® The novel use
of technology involving nanoscale sinusoidal vibration has
great potential for drug discovery, clinical tissue engineering,
and regenerative therapeutics. This method, referred to as
nanovibrational stimulation or "nanokicking," as it is com-
monly called has been particularly useful for promoting cell
and tissue regeneration.['!! Soft gel structures activate pro-
cesses and signaling pathways important for detecting cell
differentiation.

From Signals to Solutions: Integrating Mechanotransduction Cues into Nanotherapeutic Design
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Figure 4. From Signals to Solutions: Integrating Mechanotransduction Cues into Nanotherapeutic Design. Schematic illustration
of a mechanotransduction-guided nanotherapeutic strategy, showing (I) mechanosensitive ion-channel activation in response
to extracellular matrix stiffness and mechanical force, (ll) targeted delivery of a modular mechanosensitive nanoparticle, (Ill)
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homeostasis.
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Clinically relevant osteoblast volumes are used for bone
grafting.5 Initial studies show that the usage of nanovibra-
tional stimulation technique does not cause biofilm develop-
ment when bacteria is present. This is a positive result, which
describes the effectiveness of such techniques in experi-
ments where it is important to ensure that the background is
biologically inert and all determined effects can be attributed
to the bioactive ligands only, without any influence from spe-
cifics of the proposed platform.

Mechanosensor Network: Nanotherapeutic Strategies to
Overcome Signaling Defects

Mechanobiology studies the influence of physical and me-
chanical factors on cells, especially stem cells. Findings in
this area indicate that properties of their environment and 3D
structures impact cell movement, development, and other re-
actions. In this review, we cover the basic aspects of stem
cell biology along with an overview of current mechanobiol-
ogy publications.®'l The objective is to investigate various
techniques employed to simulate these mechanical factors in
order to enhance their implementation in regenerative medi-
cine. Regenerative therapy is based on the idea of healing
damaged tissues, organs, and cells; and when healing is not
sufficient, the regenerative process of creating tissues takes
place. The purpose of this kind of treatment is to recover the
ordinary structure and functioning of a damaged tissue. Sim-
ultaneously, the field of nanotechnology contributes to the so-
lution of existing problems related to the creation of nano-
technology products.®?l Nanotechnology-based methods,
termed nanotherapeutics, have the potential to enhance tis-
sue and cell regeneration. When functioning on a nano level,
these methods allow cells to recognize and rectify abnormal-
ities in their functioning. Nanotechnology has been used in
medicine in many ways, including in drug delivery, cellular
visualization, support of tissue engineering with nutrient-sup-
porting scaffolds, and in improving the functions of stem
cells.53 The best sources for developing regenerative treat-
ments are multifunctional nanomaterials and fabrication pro-
cesses. They are used to treat bone, neural, muscle, and car-
diovascular diseases.* Nanomaterials and nanobiomateri-
als may kick start regenerative processes in order to enable
repair of normal cell and tissue activities in conjunction with
the application of such materials and tools. Many chronic
wounds and injuries remain difficult to treat using classical
methods; however, the nanotechnology may allow for new
possibilities of treatment, including nanodevices. In fact, the
nanotechnology is becoming a leading treatment method in
the field of wound treatment as well as the creation of new
healing methods.® The phase of research will concentrate
on generating replacement for organs like liver, kidney, heart,
and skin through methods including applications of nanofab-
rication, microfluidics, nanobiotechnology, and artificial or-
gans. As long as nanotechnology develops further, it is pos-
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sible to support current medical approaches as advanced
scaffolding is about to become more effective in terms of tis-
sue engineering.[®!

Tiny tools and gadgets can enhance cell adhesion and
growth by providing a network of surface molecules. These
outcomes will change different aspects of regenerative ther-
apies. The new scaffolds have a three-dimensional structure
and mimic the extracellular matrix.l?”! Therefore, one of the
current trends and potential applications for nanocomposites
in cell and tissue regeneration is their biocompatibility and
lack of toxicity.[*6] The extracellular matrix (ECM) is extremely
important in terms of tissue repair and tissue health. It pro-
vides the structural and biochemical support for tissues, help-
ing them to protect against infections and disease processes.
Once any damage occurs, tissue-healing needs to start im-
mediately in order to maintain the functioning of the cells. A
key to this is the communication between cells and the ECM,
and any disruption in this communication will prevent the nor-
mal functioning of cells. Thus, careful examination of the pro-
cesses involved in this matter is essential for designing new
methods in the area of tissue engineering.[*”! Nanomaterials
are crucial in improving cellular defense mechanisms and
regulating signaling systems necessary for cell operations.
The main purpose of their use is to recover damaged ele-
ments, such as blood arteries, the heart, and the lungs with
the help of tissue engineering, preventive therapies, and re-
generative medicine. Tissue engineering aims at restoring
defective cells, tissues, and organs.®! Two types of chal-
lenges related to regenerative treatment from a medical per-
spective can be found in literature.

In this context, the role of nanotechnology as a perfect means
for ensuring cellular mimicry, simulating cellular communica-
tion, and enhancing cell and tissue regeneration cannot be
underestimated. This review aims at highlighting the newest
developments in the area of regenerative medicine to identify
some key problems. The idea is to utilize advanced na-
noscale scaffolds to restore or replace damaged cells, tis-
sues, and organs that can be considered the basis of effec-
tive regenerative treatment. However, it is worth noting that
the success of these techniques in managing cells will de-
pend on the implementation of specific nanotechnology-
based approaches.®® It discusses the operations in na-
noscale devices and their role in investigating the interaction
of cells with their surroundings. In addition, it mentions the
technology of scaffolds applied to tissue engineering and var-
ious fields such as neurology and cardiology. It reveals that
damage to the spinal cord causes the interruption of neurons
that prevents the regeneration of tissues.®® The combination
of regenerative medicine and regenerative nanotechnology
can lead to greater efficacy. When used for targeted delivery
in areas of damage, nanodevices are capable of decreasing
the degree of cell death and inflammation while supporting

Nature Cell and Science | www.cnsjournals.com 9



Nat Cell Sci 2026;4(4):¢00031
https://doi.org/10.61474/ncs.2026.0003 1

important healing processes, including angiogenesis and
neuroregeneration.® Nanodevices can be used in many
fields of regenerative medicine such as diagnostics, drug de-
livery, cell therapy, and tissue engineering. Graphene-de-
rived materials play a major role in the process of producing
biocompatible scaffolds for tissue regeneration purposes.
Their multifunctionality enables the creation of 3D graphene
scaffolding very close to natural processes which positively
expands their use in therapeutic procedures, like cellular dif-
ferentiations and drug discoveries.6'! The materials used in
3D scaffolds like collagen and silk fibroin affect their biocom-
patibility because of their composition and method of produc-
tion. These scaffolds assist in recreating the endothelial ma-
trix and maintaining the function of the cells via enhancement
of the physical and chemical microenvironment.!?! 3D scaf-
folds provide capabilities for drug delivery and act analo-
gously to natural processes of regeneration. Their size at na-
noscale allows for proper interaction of cells with ECM.
Therefore, they play an important role in regenerative medi-
cine because of their properties. ECM consists of structural
constituents whose size correlates closely with that of these

devices and therefore can be easily combined with them.
These devices can change cell behavior and assist drug de-
livery and hence are important in scaffold construction for the
purposes of tissue engineering and improvement of the state
of cell damage as well as tissue formation and inhibition of
abnormal activity of cells (Fig. 5).

Cell senescence is the process that takes place under the
influence of different stimuli such as telomere shortening or
oxidative stress.[®3l Cellular senescence has a crucial role in
various health disorders and plays a vital part in age ad-
vancement and life expectancy. Scientists are conducting re-
searches to discover the principles regulating cellular senes-
cence, the latest studies revealing that the calcium signaling
process might significantly contribute to this phenomenon.
The article will explain how calcium signaling is related to the
cellular senescence process.®4 Cellular senescence is
caused by telomere shortening, oncogene activation, and ox-
idative or genotoxic stress.®% The text emphasizes calcium's
role in survival, wound healing, embryonic development, and
aging, noting high levels in aging cells and relevant proteins.
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The Role Nanotherapeutic Platforms in Mechanobiologi-
cal Regulation and Mechanotransduction Pathways
Scientists study mechanotransduction by applying mechani-
cal stresses like stretching, pressure, compression, and
shear to cells, along with exploring effects of vibrational stim-
ulation.®®! Though these techniques lead to the discovery of
downstream events related to the expression of genes, mod-
ification of cell shape, and the localization of proteins, they
do not elucidate the upstream mechanisms by which cells
perceive mechanical stress and convert it to changes in gene
expression.[?’l Studies show that mechanical energy can ac-
tuate proteins in a direct manner that involves conformational
change. For example, Piezo ion channels behave like me-
chanical levers, their opening being triggered by tension ap-
plied to the membrane; besides, the structure of filamin A
adapts to the mechanical forces exerted during muscle con-
traction in order to reveal a hidden site for binding. Similar to
that, R8 domain (the 8th rod domain) of talin starts unfolding
and gives rise to signaling pathways when being exposed to
mechanical force. 8!

Shearing stress can change the shape of the von Willebrand
factor so that its binding regions become accessible for re-
ceptors. Likewise, sonic waves can cause the opening of
Ca?* channels within the inner ear hair cells. The results were
based on a clear cutting-edge structural study indicating the
need for advanced nanotechnologies that can detect biolog-
ical molecules' conformational changes while keeping them
intact and its biological role preserved. Mechanical forces
can be transmitted via several processes including fluid
movement and cytoskeleton. The cytoskeleton is said to be
very adept at transmitting forces over long distances; it con-
nects to the LINC complex (Linker of Nucleoskeleton and Cy-
toskeleton) and is responsible for regulating gene expression
by passing mechanical signals onto the nucleus. The identi-
fication of proteins transmitting force may take place using
various methods, including the disturbance of the cytoskele-
ton the use of CRISPR screening and the resulting real-time
observation thanks to fluorescent markers.
Mechanotransduction channels are responsible for changing
mechanical signals into biochemical signals, allowing ions to
enter the cell. When exposed to mechanical force filamin A
connects to integrin, misfiling and other proteins interacting
with FilGAP, which results in the separation of FilGAP from
the given complex. It affects cell adhesion and movement alt-
hough it is still unclear what function much of this related pro-
teins have. FilGAP is responsible for the guiding of filamin A
towards the membranes and adjusting the cytoskeleton.6!
Though numerous molecules are implicated in mecha-
notransduction, there is insufficient understanding of the ex-
act processes involved in transforming mechanical forces
into chemical signals. To support the progress in the study of
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the field, accurate evaluations of the force in action in the tis-
sue and cells are needed. The stiffness and viscosity values
reported can be quite different based on the measurement
method. For instance, the elastic and viscous properties of
MCF-7 breast cancer cells can vary from one study to an-
other. Likewise, folding or unfolding a protein is also depend-
ent on the method applied; even the unfolding force varies by
the force applied and the rate of loading.

Measurement methods such as atomic force microscopy
(AFM) and magnetic tweezers may give different outcomes
as they provide different experimental conditions. In this case,
nanotechnology is utilized for the mechanical control of mol-
ecules. In particular, magnetic nanoparticles (NPs) are em-
ployed for activation of the signaling pathways, steering of
the differentiation of stem cells, performance of targeted kill-
ing of tumorous cells, and treatment of diseases affecting the
nervous system. Nanoparticles (NPs) vary in different sizes
and they are usually taken in cells. Magnetic micropillar sur-
faces assist in mechanotransduction-related investigations in
which mechanical effect can be applied to cells. Optical and
magnetic tweezers are also applied to held particles and con-
nect them to some substances needed for applying or meas-
uring forces. Atomic force microscopy (AFM) enables the im-
aging and manipulation of single molecules, with high-speed
AFM able to quickly record biological actions.
Mechanotransduction is key for tissue development and re-
pair, which is difficult to replicate in tissue engineering. Tai-
lored nanomaterials can assist in this process, guiding stem
cells into specific cell types and enhancing the growth of
muscle and nerve cells.[®! The addition of nanoparticles can
improve the effectiveness of hydrogels that serve as tissue
scaffolding in tissue engineering processes. In the field of na-
nomedicine, cellular absorption of nanoparticles depends to
a large extent on the mechanical properties of the particles,
including their rigidity and elastic properties.’"] There are key
differences between healthy and diseased cells, suggesting
that targeting NPs based on mechanics could be helpful.[’2
Magnetic nanoparticles are able to trigger specific processes
from a distance, thus enhancing bone health and cognitive
processes.¥ Other types of materials, including carbon
nanotubes, can likewise support tissue engineering and cell
growth. However, thorough safety assessments of all nano-
materials is needed before they can fully enter the sphere of
medicine and human healthcare. This portion of research
progresses further: scientists must shift from the level of
basic mechanobiology to the field of technology used in
healthcare. For example, the development of novel therapies
aimed at the mechanical parameters related to solid tumors
occurs, as these factors can be responsible for the response
of tumor loco-regional cells to therapy, such as interstitial
fluid movement and the tissue structures of neoplasms.
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Current research explores combined therapies targeting tu-
mor mechanics and treatment, with mechanobiology meth-
ods used to improve diagnostics by identifying mechanical
differences, such as stiffness and adhesion, between metas-
tasized and non-metastasized cancer cells for potential dis-
ease markers. Future studies will look into how different
types of cells within the tumor have different mechanical
qualities, and how it connects to their particular invasive and
metastatic abilities. The creation of these relationships could
enable the use of single-cell mechanophenotyping as an ef-
fective and dependable diagnostic method. At the same time,
scientists are exploiting mechanobiology in combination with
Al, employing biosensors to convert mechanical and physio-
logical modifications into signals that could be used for Al
analysis. That is the reason why mechanobiology becomes
more and more important in the field of regenerative medi-
cine and tissue engineering creating the basis for a new class
of materials known as mechanobiomaterials.’# This new
field is concerned with how to modify the physical properties
of biomaterials to obtain desirable biological responses in or-
der to facilitate tissue repair and regeneration. For example,
smart biomaterials can implement tunable mechanical pa-
rameters in order to control the differentiation of stem cells or
can stimulate tumor cell processes that push them back to
normal processes by applying specific mechanical signals
(Fig. 6).

In addition, researchers are working on developing the bio-
materials that can sense individual cellular requests and ad-
just their properties accordingly. Such an approach may be
especially important in cancer treatment since, for example,
a smart material used in the area of tumor resection can
identify the presence of tumor cells and change its mechani-
cal characteristics to suppress their invasion.[”®! The study of
mechanobiology is progressing quickly, but it still has a long
way to go in order to understand its meaning in clinical prac-
tice. This shows the need for broader participation in solving
these unanswered questions. Nanotechnology, because of
its nature, is a combination of different disciplines, namely
chemistry, engineering, health science, materials science,
biology, and physics. This has changed medicine thanks to
advanced possibilities. Nanodrugs and their delivery systems
such as nanoparticles, liposomal nanoparticles, and nanohy-
drogels are now very helpful in regenerative therapies.[’”! In
this paper, different classes of nanomaterials that are in-
volved in healing and regenerative medicine have been dis-
cussed. Many research studies have been carried out to un-
derstand the antimicrobial properties of silver, gold, and their
alloys that are synthesized using certain methods. Besides
that, advanced hydrogels incorporating gold nanoparticles
are introduced as new “smart” wound healing agents that can
act upon stimuli. Apart from the above-mentioned metals,
different metals, such as cerium oxide, silica, zinc oxide, and
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Figure. 6. Schematic overview of the focused areas in Fron-
tiers in mechanobiology and mechanomedicine. Reprinted
(adapted) with permission from.[”®  Copyright (2023)
Springer Nature Limited.

copper, are being investigated. Finally, nanoparticles like
graphene and various metal oxides are being discovered as
new agents preferred in regenerative medicine.[”® Different
forms of nanoparticles such as bioactive glass nanoparticles
and magnetic nanoparticles have immense potential in
wound healing applications. Specialized hydroxyapatite na-
noparticles are also able to bind to ions and proteins from
their vicinity, contributing to the regulation of calcium content
in the wound area and making it possible to facilitate the
wound-healing process.’! These nanoparticles exhibit
strong structural stability and adaptable architectures, mak-
ing them excellent candidates for improving wound healing
outcomes in experimental models. Their built-in therapeutic
properties also make them well suited for sustained, long-
term medication delivery. The use of nano/biomaterials is sig-
nificant in tissue engineering and molecular design since they
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help in cell growth and development. They act as a bridge
between biomedicine and the science of nanomaterials, thus
being a vital foundation for preventive and regenerative med-
icine.® Tissue-engineered scaffolds benefit from the mate-
rials that imitate the extracellular matrix, promoting cell adhe-
sion, helping in the delivery of bioactive materials to trigger
immune responses. The inclusion of functional ligands aiding
in cellular adhesion will further lead to improved healing re-
sults.B Surface treatment may create enhanced nano-bio
interfaces, and many recent studies suggest that synthetic
nano fibers scaffolds could be a viable substitute for natural
physiological conditions, improving cell response in self-heal-
ing processes. Regenerative nanotherapeutics seeks to use
engineered nanoscale materials to leverage the cell's natural
repair and defense processes. In order to make advances in
therapies development, acquisition of sufficient understand-
ing of the cellular reaction to mechanical influences is re-
quired.’®l This information can lead to enhanced treatment
approaches and broaden the usage of nanoscale devices in
the healing process. Nonetheless, there are numerous diffi-
culties associated with understanding how cells counteract
different mechanical forces and transform them into bio-
chemical signals.®% In this role, cadherin plays the important
role of being a mechanosensor, and it is important to under-
stand the working of mechanosensors on a larger level to be
able to develop treatments. Disturbances in normal cellular
processes result in overproduction of ECM proteins and the
onset of aging and diseases.['”! Timely cellular responses to
biochemical signals and changes in the extracellular matrix
are critical for normal tissue function. For instance, endothe-
lial cells are capable of detecting hemodynamic forces, which
in turn can modulate inflammatory signaling pathways. Na-
noscale technologies could be applied to control those sig-
naling pathways and prevent disease, thus paving the way
for effective therapy in the field of tissue engineering. Cell-
cell interactions and interactions between the cell and the
ECM play an important role in regular functioning of cells, as
any alterations in these processes can lead to drastic modifi-
cations in cell behavior.[é4

Nanotechnology is vital for creating therapies that help re-
generate cells and tissues by mimicking how cells work and
fixing signaling difficulties.®* The method of repairing dam-
aged cells, tissues, and organs relies on advanced na-
noscale scaffolds, which help in the process as long as the
cell behavior is controlled properly. The agents are responsi-
ble for enhancing the cell response needed for drug delivery
and regenerative medicine.[®% Materials that are based on
graphene are highly effective scaffolds for the purpose of tis-
sue regeneration and are based on 3D designs that resemble
natural cellular processes. The success of the 3D scaffolds
can be attributed to their structural design and the ability to
improve the cellular microenvironment, helping in key pro-
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cesses like drug delivery. In addition, the assistance of Al
technology can aid in selecting the best material for the scaf-
folding processes and lead to a better understanding of dis-
eases and treatment methods. Healing of wounds or injuries
is a lengthy process that involves several stages and often
requires sophisticated treatments especially in case of se-
vere or chronic types of wounds. Healing of a wound goes
through four main stages, namely coagulation (hemostasis),
inflammation, proliferation, and remodeling, thus leading to
formation of scar tissue. Proper management of wound heal-
ing is vital for the outcome of treatment. Different cellular and
molecular mechanisms involved in the healing process in-
clude inflammatory signaling and formation of blood vessels;
therefore, there is a demand for new therapeutic approaches
aimed at bettering regenerative abilities. It is necessary to
understand the mechanisms of interaction between cells dur-
ing injury and healing process concerning both the activity of
adhesion molecules and cytokines.®8! The inflammatory
phase brings immune cells to aid repair.”! Another subject
of great interest is the study of mechanical forces and their
influence on healing. Skeletal muscle is especially important
because of its intrinsic ability to remodel. Calcium signaling
is significant in muscle development and repair. Since cal-
cium serves this function, it can be helpful to study its contri-
bution in order to develop better methods to treat diseases
related to muscles.®8 Calcium-related signaling pathways,
as indicated by recent findings, characterize the operation of
satellite cells and muscle cell formation allowing introducing
effective regenerative medicine treatment methodologies.
The role of calcium in signaling enables cells to cope with
injury-related stress. It is worth mentioning that epithelial cells
play a crucial role in the mechanisms of this process influenc-
ing various cellular activities such as growth and move-
ment.8% Modern techniques, like imaging and modeling, help
explain calcium's role in healing. Calcium is also essential for
cell movement and regeneration in wounds.®® Furthermore,
cellular aging affects calcium signaling, impacting disease
management and treatment strategies.

Nanotherapeutics Targeting Senescence and Control-
ling of Regenerative Signaling Networks

The process of telomere shortening takes place during DNA
replication due to the problem of end replication. However, if
protective properties such as telomerase or telomere recom-
bination are absent, the telomeres keep shortening with
every new cell division. Finally, this shortening process re-
sults in telomeres becoming critically short and leading to
replicative senescence. In the process of replication, ligating
the RNA primers from the lagging strand by leaving very
short gaps creates single-stranded overhangs on the DNA
molecule. The 3' G-rich part of DNA is perceived as damaged
DNA by ATM/ATR (ataxia telangiectasia mutated/ATM- and
Rad3-related).®l The recognition of this phenomenon
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causes a chain of events in the damaged DNA pathway and
subsequently causes the cells to go into replicative senes-
cence. In those cases, where more advanced telomere dys-
function happens, ATM/ATR becomes able to activate
CDKN2A. As a result, the level of p16INK4a increases, and
the cycle stops. It is also worth pointing out that oxidative
stress accelerates telomere shortening as in diabetes, for in-
stance, it causes telomere damage and diminishes the activ-
ity of telomerase rather than accelerating its work. At times
this cycle arrest may be reversible, but if things go wrong,
then a permanent arrest occurs instead. The telomeres are
rapidly getting shorter, thus, they will eventually be seen as
damaged DNA, which in normal circumstances is prevented
because of the protection of the so-called sheltering complex
that covers and protects the length of telomere. When these
protective components deteriorate, the resultant unprotected
telomeres have the characteristics of double-strand DNA
breaks, which trigger a more profound reaction known as
DDR. Thus, further experiments should be conducted to in-
vestigate whether cellular aging is indeed dependent on DDR

activation. Senescence-related heterochromatin destruction
leads to the disturbance of the workings of enzymes that
modify histones, with the indicative lowering of the number of
the histone lysine methyltransferases SUV39H1 (suppressor
of variegation 3-9 homolog 1) and SETDB1 (histone-lysine
N-methyltransferase SETDB1) and the rise in the enzyme
content, responsible for demethylation action, in particular,
KDMA4A (lysine demethylase 4A) or KDM4B (lysine demethyl-
ase 4B). The absence of heterochromatin protein 1 (HP1)
leads to the rapid loss of heterochromatin and the beginning
of senescence, while the restoration of HP1 content helps re-
tain the chromatin structure stable and prevents premature
(early) senescence.l®?! Various factors, including circadian
regulators and sirtuin family members, influence senes-
cence.® Activation of p21 (cyclin-dependent kinase inhibitor
1) causes the temporary and reversible arrest of the cell cycle
during the early onset of senescence, while p16 (16-kilodal-
ton protein, scientifically referred to as cyclin-dependent ki-
nase inhibitor 2A) ensures maintenance of senescence in the
longer term (Fig. 7).

Nanotherapeutics Targeting Senescence and Controlling Regenerative Signaling Networks
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Figure 7. Nanotherapeutics targeting cellular senescence and modulating regenerative signaling networks.
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It is necessary to understand these mechanisms in order to
invent efficient methods of treatment against aging. Mito-
chondrial problems have both caused and resulted from cel-
lular senescence, leading to problems related to the increase
in DNA damage and changes in the autophagy process. The
protein p53 (tumor protein 53) can suppress mitophagy, in-
creasing the heart dysfunction in elderly models, and this can
be avoided through stimulation of Parkin or depletion of p53.
Changes in pH also negatively impact autophagy, and imbal-
ances in calcium levels disrupt mitochondrial function and en-
ergy balance during senescence. Cellular aging is responsi-
ble for altering cellular activity significantly, mainly due to the
activation of the secretory phenotype associated with cellular
aging. The secretory phenotype involves a number of se-
creted substances that stabilize the state of senescence,
modify the microenvironment of the tissue around the cell,
and affect the general functioning of the body. Important cy-
tokines such as IL-1a and IL-1B stimulate the synthesis of
other interleukins such as IL-6 and IL-8 responsible for main-
taining cell cycle arrest and regulating immune response.
Transforming Growth Factor-f (TGF B) further enhances ag-
ing effects and SASP factors. Chronic inflammation acceler-
ates immune cell senescence, worsening aging.l®¥ Studies
show that the ability to synthesize proteins declines with age,
causing issues linked to neurodegenerative diseases.[! |s-
sues with the maintenance of proteostasis can lead to many
diseases, and approaches boosting the mechanisms of pro-
tein quality control may prove useful in therapy.
Immunomodulatory Nanotherapeutics for Wound Heal-
ing

More and more researchers are taking an interest in treat-
ment methods based on nanozymes and exosomes because
of their biomimetic nature, which gives these compounds
properties needed for regulation of reactive oxygen species,
regulatory immune responses, and stimulating formation of
new blood vessels. The therapies are developed according
to sophisticated fabrication methods to ensure their effective-
ness and physical stability in body. A great deal of research
has been performed on scaffolds, made of silver nanoparti-
cles integrated into collagen-chitosan materials.?®! These
gels show strong adhesive characteristics and release nano-
particle drugs in a controlled way, which helps in achieving
sustained therapeutic effects and aid in tissue healing. There
are studies suggesting the presence of nanozymes that work
like enzymes to replicate the processes taking place in a hu-
man body; a rather interesting option. These antibiofilm
nanozymes are able to disrupt the biofilm, implement tissue
repair and do not even use traditional antibiotics, which is im-
portant with regard to emerging issues regarding antibiotic
resistance. Furthermore, plant-made exosomes are easily in-
tegrated into nanocarrier system and are known to be helpful
for promoting angiogenesis, especially in diabetic ulcers,
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thus showing promise in this regard.®”! Moreover, gold nano-
particles made of plant extracts are characterized by antioxi-
dant and anti-inflammatory properties and can be helpful in
the process of tissue repair in experimental models. Inflam-
mation has a dual function in health as it not only causes var-
ious diseases but also acts as a means for maintaining ho-
meostasis. Nevertheless, inflammation can damage the tis-
sues and trigger the development of chronic inflammatory
diseases. Biomimetic nanozymes and exosome therapies
are being proactively studied for their capability of modifying
inflammation and promoting tissue healing.

Presently, standard treatments such as antibiotics and corti-
costeroids can only offer temporary relief. Fresh develop-
ments in immunomodulation technology, particularly in terms
of the use of advanced nanotechnology, seem to provide a
more efficient and effective way to regulate inflammation.
This article discusses the mechanism of inflammation and
existing treatment options, as well as the new trends in the
use of nanomedicine for treatment purposes. The problem of
chronic wounds is caused primarily by the increase in the el-
derly population globally. Chronic wounds are usually asso-
ciated with a disturbed immune microenvironment, which
leads to the long-lasting inflammation process.[°8 Although
there have been introduced plenty of immunomodulation
techniques, the current methods of their introduction do not
contribute to proper efficiency. Thus, it is evident that new
and more effective advanced delivery systems, including
nanotechnology, are badly needed for proper treatment of in-
flammation.®®! Research suggests that nanodrugs adminis-
tered via the nasal route can attenuate allergic response by
altering the immune response to allergens in the immune
cells. A major aspect of this process is the stimulation of reg-
ulatory T cells, which are critical for controlling immune reac-
tivity. If such cells are not sufficiently generated, the immune
system will always be in a hyperactive state. Nanodrugs can
stimulate their generation and deliver allergens to appropri-
ate immune cells to restore the immune balance. Specifically,
their therapeutic action works through several pathways at
once.l'% These are surfaces like the lining of the nose and
lungs. Nanodrugs can cross these surfaces. Trigger the right
response. This gives a foundation, for future therapies.

To achieve proper wound repair, communication between
many different cell types and molecules is needed making
this process very complicated? For example, for chronic
wounds related to diabetes there seems to be something that
contributes to the disruption of this coordination generated by
chronic inflammation, toxic substances produced by dysreg-
ulated immune system cells and infection.!'®"! The creation of
new blood vessels is also disturbed and makes the process
of healing inefficient. Therefore, we are witnessing a transi-
tion from simple dressings to more sophisticated methods
aimed at creating proper immune microenvironment and im-
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proving healing process. For such an aim, the materials that
are used for wound healing are polymers and polymer-based
materials that can be customized for wound healing pro-
cesses and whose function is to influence the immune re-
sponse so that the immune system behaves as pro-heal-
ing.['921 The current article discusses the complications re-
lated to healing process, some design principles used for cre-
ating polymer-based materials, and some important aspects
of their use in the clinics.

To achieve proper wound repair, communication between
many different cell types and molecules is needed making
this process very complicated? For example, for chronic
wounds related to diabetes there seems to be something,
which contributes to the disruption of this coordination gen-
erated by chronic inflammation, toxic substances produced
by dysregulated immune system cells and infection. The cre-
ation of new blood vessels is also disturbed and makes the
process of healing inefficient. Therefore, we are witnessing a
transition from simple dressings to more sophisticated meth-

ods aimed at creating proper immune microenvironment and
improving healing process.!""l For such an aim, the materials
that are used for wound healing are polymers and polymer-
based materials that can be customized for wound healing
processes and whose function is to influence the immune re-
sponse so that the immune system behaves as pro-healing
(Fig. 8). The current article discusses the complications re-
lated to healing process, some design principles used for cre-
ating polymer-based materials, and some important aspects
of their use in the clinics.

Future studies should try to understand the healing process
inside the wound how M1 and M2 macrophages affect it and
how these biomaterials work with inflammation and tissue re-
pair.['%31 |f it all works out this research could lead to improve-
ments in managing chronic wounds. Chronic wounds are an
issue and M1 macrophages play a key role.l' Biomaterials
that shift macrophages from M1, to M2 are being explored.
M2 macrophages promote healing. Chronic wound healing is
the goal.

IMMUNOMODULATORY NANOTHERAPEUTICS FOR WOUND HEALING:
FROM MACROPHAGE POLARIZATION TO TISSUE REGENERATION
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Figure 8. Immunomodulatory nanotherapeutics for wound healing: mechanisms, therapeutic strategies, and emerging perspec-
tives.
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Intelligent Nanotherapeutic Systems for Mechanotrans-
duction-Guided Wound Repair

The treatment of patients suffering from cancer is based on
a combination of multiple drugs. Whereas earlier treatments
mainly used the single-drug concept, researchers now be-
lieve that nanomedicine treatment strategies can improve
treatment results greatly. Nanomaterials can be used as a
drug carrier for several therapeutic agents, which can im-
prove their overall effectiveness through the synergetic ac-
tion. Moreover, these nanocarriers can be designed to deliver
drugs at particular locations and times for a targeted treat-
ment.['%] For instance, employing nanomaterials in blocking
blood vessels feeding tumors (antiangiogenic treatment) can
lead to an uneven blood circulation in the tumor and subse-
quently heighten the chances of cancer returning. Animal
studies show that using this approach combined with chem-
otherapy reduces the rate of tumor recurrence. In a different
instance, scientists invented a specific type of nanocarrier for
simultaneous delivery of olaparib and JQ1 (a small-molecule
prototype of the BET inhibitor) in the management of non-
BRCA mutant pancreatic cancer. JQ1 makes cancer cells
sensitive to olaparib thereby allowing for the enhancement of
treatment—showing that the application of multi-drug
nanocarriers improves the effectiveness of the therapy and
diminished side effects.'! The disease-oriented creation in
nanomedicine for personalized cancer care offers various op-
portunities for the creation of new cancer medications, how-
ever, there are still many hurdles to overcome before getting
the nod for its application in hospitals. Building these ad-
vanced nanomaterials presents an issue, in that it can make
the process complicated and expensive. Besides, their mul-
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tifunctionality makes it difficult to develop quality control and
assessment methods that can be applicable not only in pre-
clinical studies but also in hospital use.

To surmount these difficulties, a collaborative effort will be
necessary as various branches of science must work to-
gether to fulfill the main needs of the industry and the
healthcare system, including the processes of safe manufac-
turing, transportation, and quality assurance. Furthermore,
as these nanoparticles apply sophisticated mechanisms of
action, the methodologies of testing, as well as the structure
of clinical trials, have to be specifically adapted to suit the
mechanisms and functions of the drugs.['%7l Modern strate-
gies in cancer nanomedicine rely on patient stratification to
determine which patients are more likely to respond posi-
tively to treatments, moreover, the discovery of biomarkers
that allow for predictions regarding nanocarrier behavior in
patients will significantly improve clinical trial planning and
the application of new therapies in practice (Fig. 9).['°8! Nano-
materials with intelligence possess significant potential for
cancer diagnosis and treatment. The progress made in this
area allows for the realization of intricate nanomaterials
equipped with high-tech functions and capable of performing
challenging multi-step operations based on patient-specific
information received from such nanomaterials. The future re-
search should mainly focus on development of methods for
analyzing the efficacy of combination therapies, customizing
such therapies to meet the needs of particular patient, and
on having a better understanding of the principles of work of
nanomaterials.l' This article shows the most outstanding
obstacles and future directions in cancer nanomedicine that
will need to be considered in future studies.

INTELLIGENT NANOTHERAPEUTIC SYST EMS FOR MECHANOTRANSDUCTION-GUIDED WOUND REPAIR
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Figure 9. Intelligent nanotherapeutic systems for mechanotransduction-guided wound healing and repair.
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Calcium as a Central Rheostat: Unifying Senescence and
Wound Healing Dynamics

Cellular senescence has an important role in tumor suppres-
sion; however, its frequency rises with age and contributes to
cellular dysfunction in diseases such as diabetes and age-
related problems. Recent studies show that what used to be
considered inactive senescent cells now appear to perform
several active biological functions. Transient-cell senes-
cence provides support for normal growth and tissue repair
while persistent-cell senescence is found in chronic tissue
diseases. From this information, it is possible to identify ther-
apeutic approaches concerning wounds and other skin is-
sues based on senescence mechanisms. The reason for this
phenomenon is that aged people cannot recover their body
tissues effectively because of an increasing amount of se-
nescent cells.® Recent research shows that cellular senes-
cence may play a role in healthy tissue formation during em-
bryonic development as well as be beneficial for wound heal-
ing (Fig. 10). Studies on different organisms have uncovered
the previously unknown positive side of cellular senescence.
The paper investigates the senescence phenotype in detail,
exploring its possible positive and negative aspects in rela-
tion to tissue regeneration. The skeletal muscle is critical in a
regeneration process, going through the specific and well-es-
tablished processes in the signaling system. Understanding
calcium signaling’s role when it comes to muscle develop-
ment, regeneration, and general homeostasis is of utmostim-
portance. The dynamics of calcium and other regulatory fac-
tors are critical for these processes, and their importance lies
in maintaining the appropriate muscle functioning.

Harnessing Neutrophil Functions in Wound Healing and
Tissue Regeneration: Nanotechnology

A
Figure 10. Intelligent nanotherapeutic systems for mecha-
notransduction-guided wound healing and tissue repair.

Calcium is very important in the processes of the differentia-
tion of myoblasts and their growth. Calcium signaling occurs
during the injury as part of the response of cells to the stress-
ful condition, and this signaling leads to the process of regen-
eration in muscles through the activation of satellite cells.

However, fully understanding how calcium signaling is re-
lated to aging remains a difficult task. Additionally, calcium
signaling is necessary for the functioning of epithelial cells,
which have important roles in the human organism and carry
out lots of functions. This signaling pathway is necessary for
regulating such processes as cell growth, movement, differ-
entiation, and death.l'"" Accepting calcium-signaling sys-
tems in epithelial tissue development is important. Tech-
niques like computational modeling and quantitative imaging
can help reveal these properties.[®! These discoveries will
serve to facilitate progress within the field of regenerative
medicine. Several cellular pathways have been utilized in
wound healing process, but calcium pathways have been
specifically important in cellular senescence and wound heal-
ing overall. The scientific literature demonstrates a strong
connection between cellular senescence and the diseases
linked with increased age, particularly the involvement of cal-
cium signaling in this process. The required alterations in in-
tracellular calcium levels lead to the onset and development
of senescence, which is why the cells adjust their movement
and metabolism in response to long-lasting (chronic) dis-
eases."""l A decrease in mitochondrial Ca?* affects metabo-
lism by changing gene expression related to fibroblast differ-
entiation.[''? Cellular senescence is crucial for tissue growth,
creating inflammatory signals and preventing tumor
growth.['"3l As people age with diabetes, senescent cells ac-
cumulate in chronic wounds due to various damaging factors.
There has been significant interest in clinical trials for drugs
that target senescent cells (senolytic drugs and related drugs)
for the treatment and prevention of diseases like chronic non-
healing wounds. As the aged population continues to rise, a
more profound understanding of aging will aid plastic sur-
geon practices and enhance their care of patients.['' Age-
related conditions are associated with cellular senescence,
which is stable cell cycle stasis, either having a beneficial or
negative impact driven by the biology of the situation. This
article aims to review the biological role of cell senescence in
aging, tissue regeneration, and skin restoration, before dis-
cussing new data on the progress and efforts in the field of
anti-aging therapies including the modification of senescence
(Fig. 11).11191

Cellular senescence leads to tumor progression, reduces the
immune system's effectiveness, and causes age-related ill-
nesses; paradoxically, it can also protect against cancer.
New treatment methods must be focused on this situation.
Senolytic medicine, for example, may be aimed at senescent
cells only, even though there still need to be clinical trials to
check if these treatments are effective and cannot be harmful.
The development of senescence detection methods also
needs to be enhanced, for instance, the use of urinary exo-
somes with some markers of senescence can be employed
for the determination of renal senescence. Eventually, the

18 Nature Cell and Science | www.cnsjournals.com



protocol of their collection and analysis needs to be stand-
ardized. Biomarkers of future aging might be essential in
managing patients. The article explores the interaction of ag-
ing cells with metabolic processes that violate organs' normal
state and lead to the onset of diseases. In addition, the se-
nescence-associated secretory phenotype (SASP) can trig-
ger the process of aging by establishing both the migration
and activity of immune cells in tissues.

Harnessing Neutrophil Functions in Wound Healing and
Tissue Regeneration

Neutrophils have been researched extensively for their func-
tions regarding the healing of injuries and diseases, including
their ability to regenerate tissues, their influence on how tis-
sues function, and their functions against bacteria. They are
among the first cells to be present at infection zones and thus
play a considerable role in healing.''® The key role of the
neutrophils’ wide range of antimicrobial agents in minimizing
inflammation, eradication of pathogens, clearance from the
cellular debris, and in promoting tissue repair is discussed.
The important role of the neutrophils in the skin wound heal-
ing process is emphasized as it concerns with clearing dam-
aged cells and promoting regeneration of the tissue and the
key mechanisms and recent findings related to this immune
cell are discussed.["'7 Neutrophils facilitate the healing pro-
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cess by facilitating angiogenesis (formation of new blood ves-
sels) and cellular proliferation which promote overall health
of the tissues. In addition, they play a vital role in eradicating
the pathogens with the help of processes like neutrophil ex-
tracellular traps (NETs) and proteases, thus affecting the
broader dynamics between the immune system and the skin
cells when healing is taking place.l''8 The function of signal-
ing molecules in stimulating pro-inflammatory responses to-
gether with the development of myofibroblasts during tissue
remodeling was studied; neutrophils take part in both pro-in-
flammatory and anti-inflammatory phases of the process of
repairing damaged tissues (Fig. 12). The proper clearance of
neutrophils due to apoptosis and reverse transmigration is
important, as the improper clearance of neutrophils can inter-
fere with tissue repair and can lead to prolonged inflamma-
tion.['" In conditions such as diabetic ulcers where normal
processes of healing are disrupted, neutrophils can worsen
the damage of the tissue. Targeting neutrophils in therapy for
inflammation is promising, but the details of their activity, i.e.,
the spatial and temporal dynamics, are poorly understood.
The ability to distinguish triggers of resolution of the inflam-
matory process from those that lead to chronic inflammatory
state is important, as well as understanding the role of neu-
trophils in both pathways.['2%]

CALCIUM: THE CENTRAL RHEOSTAT

UNIFYING CELLULAR SENESCENCE AND WOUND HEALING DYNAMICS
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HARNESSING NEUTROPHIL FUNCTIONS IN WOUND HEALING AND TISSUE REGENERATION
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Figure 12. Neutrophil functions in wound healing and tissue regeneration: mechanisms and therapeutic opportunities.
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In humans, congenital neutrophil disorders have been asso-
ciated with poor wound healing although current research
has relied mostly on animal models. These disorders can
have serious repercussions such as pain, loss of function,
amputation, and high costs which are frequently caused by
abnormal inflammation and excessive formation of neutrophil
extracellular traps (NET).['?"l Research on NETs in wound
healing examines their role in diabetic and normal wounds
and therapies targeting NETs.['?2l NETs can slow wound
healing by increasing inflammation and disrupting important
processes. Anti-NET treatments may help speed healing.!''!
Research into the signaling systems governing the healing
process of damaged tissues seeks to uncover how cellular
and molecular processes regulate inflammation and mediate
effective healing mechanisms. The healing of a wound con-
sists of three main stages, namely the inflammatory phase,
the proliferative phase, and the remodeling phases, making
it one of the more complex biological processes.['?®l External
molecules like growth factors, cytokines, and chemokines in-
teract with each other within the extracellular matrix and in-
fluence various cellular and tissue functions. Studies of the
pathways by which signaling occurs show the important role
played by important chemical substances in the process of
wound healing.['?l The study found that extracellular stimuli
influence intracellular pathways in tissue regeneration.['?5]
While the extracellular matrix surrounding the cell is being
repaired, the cell itself remains in a homeostatic physiological
condition. Modern technological advances have been partic-
ularly successful in reproducing biological processes, such
as the process of healing and regeneration of tissues.[®® The
focus is on understanding processes that hinder healing and
tissue repair in chronic inflammation, highlighting the need
for further research for a quick recovery.

Conclusion

The article discusses the way nanotherapeutics can interact
with properties involved in mechanosensation, cellular se-
nescence, and regenerative signaling in wound healing. At
the same time, the authors consider mechanotransduction to
be the process through which mechanical information is per-
ceived by cells and transformed in relevant biochemical re-
sponses (that is, through signal transduction pathways infor-
mation received mechanically can be transformed into bio-
chemical signals). Understanding the essence of mecha-
nisms involved in this process allows the creation of nano-
therapeutics, which will be able to work efficiently on the dis-
rupted mechanosensor network leading to effective treat-
ment of chronic and non-healing wounds given the necessity
of correcting the functioning of the given network and the in-
formation it processes.

This article focuses on the application of nanotherapies to
target cellular senescence and control regeneration signaling
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pathways. Senescence is generally associated with aging
and disease processes; however, it plays also an important
physiological role in situations like development and wound
healing. As such, this article aims to analyze both the positive
and negative role of senescence in tissue regeneration,
along with various methods of utilizing its beneficial aspects.
Calcium signaling has been identified as a common factor to
connect senescence to tissue healing, thus opening doors for
new therapeutic modalities. The issue of the immune system
as a participant in wound healing process is reviewed from
the point of view of the use of immunomodulatory nanother-
apies with a specific focus on how the changes in the tissues
due to aging and diseases affect the behavior of immune
cells, which could be helpful in treatment of diseases like can-
cer or fibrosis. The burgeoning field of mechanoimmunology,
which underscores the influence of mechanobiology on im-
mune system's functioning, has also been reviewed (Fig. 13).
The article also broaches the subject of neutrophil functioning
in the context of healing and regeneration of tissues. The re-
searchers also highlight innovative systems based on the
principles of nanotechnology, which could regulate wound
healing via mechanoresponsive systems. There are also
some expectations concerning the realization of such novel
techniques for tackling chronic wounds and other types of
similar ailments. The article also encompasses the role of
pharmacological agents, which could achieve the reduction
of inflammation and promote healing according to the results
obtained via diverse experimental techniques.
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