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Osteoporosis, characterized by a reduction in bone mineral density, represents a prevalent skeletal dis-
order with substantial global health implications. Conventional therapeutic strategies, exemplified by
bisphosphonates and hormone replacement regimens, though effective, encounter inherent limitations
and challenges. Recent years have witnessed the surge of cell-membrane-coated nanoparticles (CMNPs)
as a promising intervention for osteoporosis, leveraging their distinct attributes including refined biocom-
patibility, heightened pharmaceutical payload capacity, as well as targeted drug release kinetics. However,
a comprehensive review consolidating the application of CMNPs-based therapy for osteoporosis remains
absent within the existing literature. In this review, we provide a concise overview of the distinctive patho-
genesis associated with osteoporosis, alongside an in-depth exploration of the physicochemical attributes
intrinsic to CMNPs derived from varied cellular sources. Subsequently, we explore the potential utility of
CMNPs, elucidating emerging trends in their deployment for osteoporosis treatment through multifaceted
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therapeutic approaches. By linking the notable attributes of CMNPs with their roles in mitigating osteo-
porosis, this review serves as a catalyst for further advances in the design of advanced CMNPs tailored for
osteoporosis management. Ultimately, such progress is promising for enhancing outcomes in anti-bone
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1. Introduction

Osteoporosis, a chronic skeletal disorder, is characterized by
diminished bone mass, degradation of bone tissue, and an
elevated vulnerability to fractures.”> While it affects both
genders, its prevalence is more pronounced in women, par-
ticularly postmenopausal ones.® Studies indicate that osteo-
porosis afflicts approximately 23% of women and 7% of men
aged 50 and above.” Referred to as a “silent disease”, its insi-
dious progression often remains asymptomatic until fractures
manifest, primarily within the spine, hip, and wrist. Such frac-
tures can lead to pain, disability, compromised independence,
and a diminished quality of life. In severe instances, fracture
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loss interventions, paving the way for clinical translation in the near future.

complications may even prove life-threatening, notably among

the elderly.”
Conventional anti-osteoporosis treatments, encompassing
bisphosphonates, selective estrogen receptor modulators

(SERMs), and calcitonin, might not confer universal efficacy.
While these agents can decelerate bone loss or augment bone
density, they may not comprehensively reinstate bone health or
forestall fractures in all patients.*” Moreover, their effectiveness
could wane over prolonged use. These traditional medications
can also precipitate adverse effects. For instance, bisphospho-
nates may induce gastrointestinal distress, including nausea and
abdominal discomfort, and could lead to rare yet grave outcomes
like osteonecrosis of the jaw and atypical fractures.® SERMs might
elevate the risk of thrombotic events and other cardiovascular
complications.” Calcitonin administration may induce nasal irri-
tation and flushing.'® These untoward effects impede the toler-
ability and enduring usage of these therapeutic agents.
Fortunately, nanotechnology presents inherent advantages
such as proficient drug delivery and controlled release mecha-
nisms that hold the potential to effectively address the afore-
mentioned limitations."*™* Moreover, a particularly promising
development emerges: the encapsulation of nanoparticles
within cellular membranes has witnessed significant progress,
imparting the nanoparticles with an inherent capability for
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Fig. 1 A chronological representation of the pivotal developmental milestones of CMNPs in biomedicine. (a) The role of polymeric nanoparticles
camouflaged with erythrocyte membranes in acting as a biomimetic delivery platform.'® (b) Erythrocyte membrane as an alternative coating to poly-
ethylene glycol for extending the circulation lifespan of gold Nanocages in photothermal therapy.'® (c) Introduction of an easy method to add func-
tionality to nanoparticles coated with cell membranes.?° (d) Precise assembly of cell-mimicking nanoparticles through molecular affinity strategy for
targeted drug delivery.?® (e) The role of biomimetic nano-capsule in functioning as a cytokine blocker and inducer of M2 polarization for bone

regeneration.?®

active targeting. This innovation facilitates the accurate and
targeted delivery of encapsulated therapeutic agents, particu-
larly in the context of tissue remodeling and regeneration
(Fig. 1).">” In recent decades, pioneering approaches revol-
ving around the utilization of cell-membrane-coated nano-
particles (CMNPs) have rapidly emerged, aiming to enhance
the bone microenvironment and thereby improving the
outcome of anti-osteoprotic therapy. These specialized nano-
particles can be functionally engineered to selectively engage
specific cells or tissues, including bone tissue, facilitating the
controlled release of therapeutic payloads with exquisite accu-
racy. Notably, CMNPs exhibit remarkable versatility in accom-
modating diverse therapeutic agents, thereby amplifying their
potential in bone regeneration and repair. Importantly, the
capacity of CMNPs to precisely target bone cells holds the
promise of mitigating the systemic side effects typically associ-
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ated with conventional osteoporosis medications. This pre-
cision would enable the effective and efficient delivery of thera-
peutic agents to the intended site of action. Despite the com-
prehensive investigations conducted into CMNPs, it is note-
worthy that the utilization of these specialized nanoparticles
in the context of osteoporosis treatment remains relatively
underexplored, according to our current understanding.

Herein, we summarize the emerging advances of CMNPs in
osteoporosis treatment, including their fabrication methods,
physicochemical properties, and therapeutic applications.
Simultaneously, we explore the potential utility of CMNPs, elu-
cidating emerging trends in their deployment for osteoporosis
treatment through multifaceted therapeutic approaches.
Finally, advanced anti-osteoporosis therapies with their poten-
tial for clinical translation and emerging CMNPs-based strat-
egies for osteoporosis treatment are discussed.

2. Characteristic pathogenesis of
osteoporosis

Osteoporosis, a prevalent skeletal disorder of significant clini-
cal import, is hallmarked by a notable reduction in bone mass
and concomitant degradation of microarchitectural integrity.
This intricate cascade of bone degeneration culminates in an
augmented vulnerability to fractures, an outcome that under-
scores the gravity of this condition within the realm of muscu-
loskeletal health.*®

The central hallmark of osteoporosis lies in the loss of bone
mass, which results from an intricate interplay between
enhanced bone resorption and compromised bone formation.
These processes, normally regulated in a balanced bone remo-
deling cycle, become dysregulated in osteoporosis, precipitat-
ing the characteristic pathological changes that set the stage
for increased fracture susceptibility.>*?° At the cellular level,
the pivotal players in bone remodeling, osteoclasts, and osteo-

Nanoscale, 2024, 16, 8236-8255 | 8237


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr06264c

Open Access Article. Published on 01 April 2024. Downloaded on 1/30/2026 5:42:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

blasts, assume central roles in driving osteoporotic changes.
Enhanced osteoclast activity, triggered by an altered balance of
signaling molecules, leads to the breakdown of bone tissue,
contributing to the decline in bone mass. Simultaneously,
compromised osteoblast function, driven by intricate mole-
cular perturbations, impedes the synthesis of new bone,
thereby exacerbating the imbalance between bone resorption
and formation (Fig. 2).3"3>

2.1 Increased bone resorption

The intricate physiological balance governing bone homeosta-
sis is profoundly disrupted in osteoporosis, resulting in a pro-
found escalation of bone resorption processes. This aberrant
phenomenon is mainly attributed to the hyperactivity of osteo-
clasts, the specialized cellular entities responsible for the
degradation of bone tissue.>® The augmented efficacy of these
osteoclasts is rooted in the perturbed equilibrium between
bone resorption and formation, a fundamental aspect of the
bone remodeling cycle.>* The unbridled proliferation of osteo-
clast populations precipitates an accelerated pace of bone
tissue breakdown, thereby engendering a distressing compro-
mise to the fundamental structural integrity of bone.>”

The core of this intricate orchestration of osteoclast activity
is the dynamic interplay between two pivotal molecular
players: the receptor activator of nuclear factor kappa-B ligand
(RANKL) and its regulatory counterpart, osteoprotegerin
(OPG).*® These factors intricately regulate the differentiation
and functioning of osteoclasts, thereby wielding profound
influence over the course of bone remodeling.’” However, in
the context of osteoporosis, this finely tuned ballet is dis-
rupted, leading to dire consequences for bone health.
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A pioneering investigation into the molecular underpin-
nings of osteoporotic bone resorption reveals the emergence of
a complex interplay involving inflammatory cytokines and
RANKL. The pathogenesis of osteoporosis hinges on the con-
vergence of a network of inflammatory signaling cascades with
the RANKL signaling pathway. At the epicenter of this interplay
are pro-inflammatory cytokines, notably interleukin-6 (IL-6)
and tumor necrosis factor-alpha (TNF-a), which exhibit a
synergistic relationship with RANKL.*®3° These cytokines, in
their heightened levels characteristic of osteoporosis, exert a
profound stimulatory effect on osteoclastogenesis. This aug-
mented cytokine milieu instigates an wupsurge in the
expression of RANKL, thereby potentiating the signaling
cascade that drives osteoclast differentiation and activity.

The state of RANKL-mediated osteoclastogenesis assumes a
pathological disposition, marked by the disturbance of the
synchronized molecular cues that typically govern this intricate
biological process.?” This disruption of molecular signals cul-
minates in a cascade of heightened osteoclast activity, setting
the stage for accelerated bone resorption. The consequence of
this augmented bone resorption is manifest in the clinical
hallmarks of osteoporosis — diminished bone density and com-
promised structural integrity.

2.2 Decreased bone formation

In consonance with the pronounced elevation of bone resorp-
tion that typifies the osteoporotic context, a feature of signifi-
cant distinction emerges within its pathogenesis—a marked
attenuation in the intricate process of bone formation.*® This
deficiency in bone generation arises at its core from an intri-
cate compromise in the functionality of osteoblasts, the key
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Fig. 2 Dynamic interplay between heightened bone resorption and impaired bone formation in osteoporosis. The roles of osteoclasts and osteo-
blasts stand pivotal, steering the course of osteoporotic alterations through their synchronized activities. Osteoclasts emerge as protagonists of
heightened activity—a manifestation resulting from the intricate disruption of signaling molecule equilibrium. This dysregulated balance serves as
the catalyst, propelling osteoclasts into a state of heightened bone resorption. Simultaneously, the functional integrity of osteoblasts, the architects
of bone synthesis, experiences compromise. These intricate disruptions intricately converge, obstructing the synthesis of new bone material and
further amplifying the prevailing imbalance, initiated by escalated bone resorption. Created with Servier Medical Art (https://smart.servier.com/).
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cellular regulators responsible for the elaborate orchestration
of bone matrix synthesis and mineralization. The interplay of
numerous factors, including hormonal imbalances and
genetic predisposition, impairs the proliferation and differen-
tiation of osteoblasts. Consequently, the insufficient depo-
sition of new bone material undermines bone strength and
structure.*’

In the context of bone research, the Wnt signaling pathway
emerges as a crucial regulator, well-documented for its pivotal
role in orchestrating bone metastasis and being a central com-
ponent of molecular coordination.* This signaling involves in
mediating the complex processes of osteoblastogenesis—the
differentiation of precursor cells into mature bone-forming
cells—and the intricate network that governs bone formation,
a foundation of skeletal integrity.’> The canonical arm of the
Wnt pathway, renowned for its indispensability in shaping the
course of osteoblast differentiation, the facilitation of mineral-
ization processes, and the holistic orchestration of osteoblast
function, becomes vulnerable to the influence of an array of
multifaceted factors. Within the intricate milieu of osteoporo-
sis, this pathway succumbs to alterations that intricately cause
an outcome of diminished osteoblast activity. The canonical
Wwnt signaling axis, which bears paramount importance for
sustaining osteoblast differentiation, the process of mineraliz-
ation crucial for bone strength, and the overall functional
capacity of osteoblasts, confronts a compromised state.** This
compromise is primarily a result of alterations in various
factors, notably including mutations in the low-density lipo-
protein receptor-related protein 5 (LRP5), a critical entity that
intricately interfaces with canonical Wnt signaling.*

The implications of this impeded canonical Wnt signaling
affect profoundly within the process of osteoblastogenesis. The
proliferation and differentiation of osteoblasts become hin-
dered, thereby leading to an impairment in bone-forming
activities. This, in turn, contributes to the exacerbation of the
inherent imbalance between the processes of bone resorption
and bone formation—a hallmark characteristic of osteoporo-
sis.”® Heightened bone resorption, facilitated by the escalated
activity of osteoclasts driven by inflaimmatory cytokines and
RANKL, coincides with diminished bone formation attribu-
table to compromised osteoblast function and the intricate
disruption of Wnt signaling. These intricate interplays
coalesce to form the complex pathophysiology that defines
osteoporosis, a multifaceted ailment that unravels the intricate
skeletally dependent equilibrium.

3. Characteristics of CMNPs for
osteoporosis

CMNPs represent a novel class of nanoparticles that feature a
delicately layered cell membrane derived from select cell types,
notably stem cells. This distinctive membrane coating endows
CMNPs with tailored properties and functionalities, thus ren-
dering them a highly promising approach in diverse bio-
medical applications. The compelling advantages of CMNPs

This journal is © The Royal Society of Chemistry 2024
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reside in their unique attributes encompassing biocompatibil-
ity, precision-targeted delivery, controlled release of thera-
peutic agents, heightened stability, efficient cellular internaliz-
ation, and multifaceted versatility. These attributes collectively
amplify CMNPs’ potential for a wide spectrum of biomedical
applications, notably including their application in the
complex realm of osteoporosis treatment.

3.1 Biocompatibility and reduced immune response

CMNPs have garnered substantial attention due to their
unique capacity to bridge the gap between synthetic nano-
particles and the complex milieu of living organisms. A defin-
ing attribute of CMNPs is their inherent biocompatibility and
the consequent reduction in immune response, rendering
them particularly intriguing for diverse biomedical appli-
cations.** Biocompatibility stands as a foundational tenet in
the realm of biomedical nanotechnology. It encapsulates the
fundamental requirement that engineered materials and nano-
particles should integrate into biological systems without eli-
citing adverse effects. Various strategies have been used to
enhance the biocompatibilty of CMNPs. Surface modification
techniques like PEGylation can prolong circulation time and
minimize immune recognition.”® Incorporating biomimetic
peptides or proteins onto CMNPs surfaces can also improve
their interaction with biological systems.*® Additionally, devel-
oping novel coatings or functionalization methods that facili-
tate specific cell targeting while minimizing off-target effects
holds promise for improving the biocompatibility of CMNPs in
biomedical applications.*”

3.2 Targeted delivery and enhanced tissue specificity

Traditional drug delivery strategies often suffer from limit-
ations associated with non-specific biodistribution, resulting
in off-target effects and diminished therapeutic efficacy.*®
CMNPs, by virtue of their unique cell membrane coating,
present an innovative solution to this challenge. The cell mem-
brane, replete with an array of surface receptors and proteins,
plays a pivotal role in cell recognition and binding. When
incorporated into CMNPs, this cell membrane coating confers
the ability to selectively bind to specific cell types or tissues.*®

This targeted binding capability offers transformative
potential in therapeutic delivery.’® By functionalizing CMNPs
with ligands or antibodies that recognize cell-specific markers,
researchers can orchestrate a homing effect, directing CMNPs
precisely to the intended site of action. This precision mini-
mizes systemic exposure, reduces potential side effects, and
maximizes the therapeutic payload’s impact, thus advancing
the concept of personalized medicine.

Furthermore, with their cell membrane coating, CMNPs
inherently possess a biological affinity that aligns with the tar-
geted tissue’s characteristics. This affinity is a consequence of
the biomimetic nature of the cell membrane, which mirrors
the interactions between cells and tissues within the body.”
As a result, CMNPs exhibit heightened tissue specificity,
enhancing their ability to selectively accumulate in the desired
anatomical locations.
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For instance, in the context of osteoporosis treatment,
CMNPs can be engineered to mimic the cell membrane of
osteoblasts, the bone-forming cells.’® This affinity allows
CMNPs to preferentially accumulate within bone tissue,
bypassing other organs and tissues. The enhanced tissue
specificity translates to an augmented therapeutic effect pre-
cisely at the site of bone degeneration, minimizing systemic
exposure and conferring therapeutic benefits with reduced
adverse events.

3.3 Controlled drug release for optimized therapeutic efficacy

Controlled drug release is a critical aspect of modern medical
treatment, and in this context, CMNPs stand out due to their
distinctive structural characteristics. These nanoparticles hold
a unique advantage in controlled drug delivery, primarily
owing to their versatile structure. The incorporation of a cell
membrane coating onto the nanoparticle surface provides a
sophisticated platform for the integration of responsive
elements, which in turn enables the precise modulation of
drug release kinetics.>?

The concept of responsive drug release revolves around the
ability of CMNPs to be engineered in a way that they respond
to specific triggers or stimuli present in their surrounding
environment.>® These triggers can encompass a range of
factors, including variations in pH, temperature, enzyme
activity, or the presence of particular molecules unique to the
target area.>® This responsiveness is delicately tailored to
ensure that the release of therapeutic agents occurs in a con-
trolled and predetermined manner, in direct response to the
cues encountered in the local environment.>®

In the context of osteoporosis treatment, CMNPs can be
precisely designed to release bone-strengthening agents solely
in response to specific biochemical cues indicative of ongoing
bone degradation.>® This strategic approach guarantees that
the therapeutic payload is released exclusively at the site
requiring intervention, thereby fostering bone regeneration.’”
Importantly, this localized release strategy minimizes systemic
exposure to the therapeutic agents, thus mitigating the poten-
tial for systemic side effects.

The key to achieving this level of precision lies in the engin-
eering of CMNPs to intricately interact with the cues specific
to the target tissue or disease environment. By intelligently
incorporating these responsive elements, researchers are
empowered to design CMNPs to dispense therapeutic agents at
a rate that harmonizes optimally with the pace of disease pro-
gression or the physiological demands of the targeted tissue.
This orchestration of drug release profiles is a significant
advance markedly enhancing therapeutic efficacy.

3.4 Enhanced stability and prolonged circulation time

The lipid bilayer constituting the cellular membrane furnishes
a protective barrier enveloping the synthetic nanoparticle
nucleus. This barrier serves to avert direct interaction between
the nanoparticle nucleus and the ambient milieu, thereby
diminishing the propensity for degradation consequent to
enzymatic or chemical processes.’® Additionally, the lipid
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bilayer functions as an impediment, forestalling the aggrega-
tion or agglomeration of nanoparticles, thereby further ampli-
fying their stability within assorted biological fluids.>

A conspicuous challenge characterizing conventional nano-
particles pertains to their prompt clearance from the blood-
stream by the immune system’s mononuclear phagocyte
system (MPS).®° This expeditious elimination curtails their
period of circulation and, consequently, their efficacy in acces-
sing targeted sites. CMNPs redress this challenge by manifest-
ing inherent “self” attributes that deter internalization by MPS
cells.®" Furthermore, the presence of surface markers derived
from the cellular membrane, notably CD47 (a signal connoting
“non-phagocytosis”), on the encapsulated nanoparticles,
obstructs the process of identification and engulfment by
macrophages within the MPS.®> This property engenders an
elongated span of circulation within the bloodstream, thereby
affording the nanoparticles an augmented opportunity to
attain their designated target sites.

CMNPs present an innovative avenue to surmount the con-
straints associated with conventional synthetic nanoparticles,
accomplishing this by amalgamating the merits of cellular
membranes with synthetic nanotechnology.®® Augmented
stability and extended circulation duration stand as pivotal
attributes that synergistically contribute to their capacity for
precision-targeted drug conveyance, imaging, and sundry
therapeutic applications.

3.5 Facilitated cellular uptake and intracellular delivery

CMNPs, characterized by their distinctive cell membrane coat-
ings and versatile attributes, offer an innovative modality to
surmount the challenges pertaining to cellular uptake and
intracellular transport.®* The cell membrane envelopment of
CMNPs, sourced from diverse cell types, assumes a pivotal role
in expediting their engagement with target cells.®® This bioin-
terfacing layer conserves the inherent bioactive constituents
and surface markers of the originating cell, thereby facilitating
effective recognition and internalization by specific cell
subsets intricately involved in bone remodeling and regenera-
tive processes.’>>” Within the osteoporotic context, this sig-
nifies the potential customization of CMNPs to encapsulate
cell membrane coatings derived from osteoblasts, the bone-
forming entities, or osteoclasts, the regulatory agents of bone
resorption. These functional coatings serve to heighten the cel-
lular acknowledgement of CMNPs by bone cells, thereby effica-
ciously instigating their uptake and subsequent intracellular
translocation.

Furthermore, the integration of targeting ligands onto the
surface of CMNPs serves to further enhance their cellular
internalization proficiency and intracellular delivery efficacy.®*
These ligands can be selected to exhibit specific binding
affinities towards receptors or markers overexpressed on the
surface of bone cells. For instance, by targeting receptors such
as RANKL or osteocalcin receptors, the interaction of CMNPs
with bone-resorbing osteoclasts or bone-forming osteoblasts
can be potentiated correspondingly.”® This ligand-facilitated
targeting mechanism augments the selectivity of CMNPs

This journal is © The Royal Society of Chemistry 2024
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towards the pertinent cellular populations, thereby ensuring a
heightened concentration of therapeutic agents attains the
desired cellular destinations.

Moreover, the internalization of nanoparticles, including
CMNPs, frequently occurs via diverse endocytic routes such as
clathrin-mediated endocytosis, caveolae-mediated endocytosis,
and macropinocytosis.®® Researchers can adeptly harness
these pathways to expedite the cellular internalization of
CMNPs by bone cells. The manipulation of CMNP surface pro-
perties and dimensions can exert influence over the predilec-
tion for specific endocytic pathways, thus enabling precise
modulation of cellular uptake efficiency.

4. Selection of cell sources for
cellular membrane coating

The decision regarding the optimal cell source for cell mem-
brane coating is dependent on the application and intended
attributes of the coated nanoparticles. Each cell source offers
distinctive merits and constraints, necessitating the assess-
ment of factors encompassing biocompatibility, immunogeni-
city, isolation feasibility, scalability, and the functional attri-
butes of the resultant coated nanoparticles. In this section, we
perform a brief overview of emerging cell membrane coating
choices for CMNP.

4.1 Erythrocytes membrane-coated nanoparticles

The utilization of erythrocytes as a cell source for CMNPs con-
stitutes a noteworthy avenue in nanomedicine. Erythrocytes,
readily procurable from blood donations or alternative sources
such as stored blood units or stem cell-derived erythrocytes,
offer an intriguing platform for the coating of nanoparticles
with their distinctive membrane.'>®" This natural and biocom-
patible coating intricately mirrors the inherent attributes of
erythrocytes, thereby conferring a myriad of advantages to
CMNPs.

First, the erythrocytes’ innate biocompatibility and minimal
immunogenicity render them an ideal choice for therapeutic
applications.” This inherent compatibility significantly miti-
gates the risk of adverse immune responses when CMNPs are
employed in therapeutic interventions. More importantly, an
additional hallmark of erythrocytes is their extended circula-
tion half-life."®' This attribute translates into CMNPs posses-
sing an elongated presence in the bloodstream, a phenom-
enon that augments their utility in drug delivery applications.
The protracted circulation bolsters the prospect of prolonged
interactions between CMNPs and target cells, thereby enhan-
cing the efficacy of drug delivery strategies. In a pioneering the
Zhang et al. group presented a biomimetic approach, employ-
ing a top-down methodology for particle functionalization.'®
This involves encapsulating biodegradable polymeric nano-
particles with intact erythrocyte membranes, encompassing
both the lipid bilayer and the affiliated membrane proteins.
The in vivo experiments involving the administration of nano-
particles loaded with fluorophores to mice unveiled a notably
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prolonged circulation half-life exhibited by the erythrocyte-
mimicking nanoparticles. Furthermore, an investigation into
the biodistribution revealed substantial retention of particles
within the bloodstream even 72 hours post-injection. The
transfer of intact cellular membranes, along with their associ-
ated proteins and corresponding functionalities, onto the
surface of synthetic particles, presents an innovative and dis-
tinctive in nanoparticle functionalization. This
approach has the potential to change the field by harnessing
the innate attributes of natural cellular components to
enhance nanoparticle behavior within biological systems.

Moreover, erythrocytes boast an exceptional discoid mor-
phology, underscored by a slim and pliable membrane.®’
These features engender CMNPs with distinctive structural
and mechanical attributes. The adaptability and deformability
inherent in the RBC membrane confer novel mechanical
dimensions to CMNPs, allowing them to maneuver through
narrow capillaries and navigate intricate physiological land-
scapes.®® This property provides possibilities for enhanced
tissue penetration and interaction. For instance, Du et al. pre-
sents a novel nanoparticle platform, CDC20@ZIF-8@eM-Apt,
utilizing zeolitic imidazolate framework-8 (ZIF-8) encapsulated
within an erythrocyte membrane cloak and coupled with a tar-
geting aptamer, addressing challenges in bone regeneration by
enhancing osteogenic differentiation of bone marrow
mesenchymal stem cells (BMSCs), thereby promoting bone
regeneration and addressing the bone density loss character-
istic of the condition (Fig. 3).%°

avenue

4.2 MSCs membrane-coated nanoparticles

MSCs, characterized by their multipotency, exemplify a
remarkable versatility. Their adeptness at immunomodulation
engenders significant potential for mitigating immune
responses, curbing inflammation, and fostering tissue regener-
ation. Within the context of CMNPs, this attribute translates
into the capacity to confer immunomodulatory benefits to the
nanoparticles.”’ This immunomodulatory potential holds the
potential to enhance the therapeutic efficacy of CMNPs, par-
ticularly in contexts where immune responses and inflam-
mation need to be managed.

MSCs’ innate self-renewal capabilities and the capacity to
differentiate into diverse cell lineages underscore their regen-
erative potential. In the milieu of CMNPs, these attributes con-
tribute to a multifaceted therapeutic repertoire.”* The potential
of MSCs to differentiate into various cell types enhances the
versatility of CMNPs, offering tailored regenerative interven-
tions based on the specific cell types required for tissue repair.
Furthermore, the feasibility of isolating and expanding MSCs
in culture positions them as an attractive cell source for large-
scale CMNP production. This scalability aligns with the requi-
sites of mass production, potentially paving the way for wide-
spread therapeutic applications of CMNPs.”?

Moreover, MSCs can be engineered or genetically modified
to express proteins, receptors, or other functionalities of
interest.”®”* This unique attribute allows for the transference
of these bioactive components onto CMNPs through the mem-
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GmbH.

brane coating, facilitating nuanced customization of CMNPs
for specific therapeutic applications. For instance, engineered
cell-membrane-coated nanogels, PNG@mR&C, derived from
bone mesenchymal stem cell membranes and capable of bone-
targeted delivery of therapeutic agents, effectively restore bone
metabolic homeostasis by scavenging RANKL, promoting
osteogenesis through responsive PTH 1-34 release, and redu-
cing side effects, offering a promising treatment strategy for
postmenopausal osteoporosis(Fig. 4).”

4.3 Macrophage membrane-coated nanoparticles

Macrophages, immune cells pivotal in orchestrating immune
responses, inflammation management, tissue repair, and
foreign particle clearance, offer an enticing platform for the
coating of nanoparticles with their distinctive membrane.
Central to the concept of macrophage membrane-coated nano-
particles is the embodiment of macrophages’ inherent attri-
butes.”* These immune cells are adept phagocytes, exerting
the activity to eliminate foreign particles. The coating of nano-
particles with macrophage membranes translates into a soph-
isticated strategy that capitalizes on macrophages’ proficiency
in foreign particle clearance. Additionally, macrophages are
central players in tissue regeneration and repair, a facet that
further augments their utility in the context of CMNPs.”*7”®
Moreover, a prominent attribute underlying macrophage
membrane-coated nanoparticles is their potential for precise
and targeted delivery to specific tissues or organs.”®”’
Macrophages are ubiquitously distributed, spanning tissues
such as the liver, spleen, and bone marrow. This wide-ranging
presence translates into an avenue for CMNPs to achieve
effective targeting of these tissues.”® The strategic integration
of macrophage-coated nanoparticles with microenvironments
abundant in macrophages culminates in refined targeting
accuracy. In a preceding investigation, the Wang et al. group
introduced a biomimetic drug delivery system derived from
macrophage membranes enveloping nanoparticles that

8242 | Nanoscale, 2024, 16, 8236-8255

respond to reactive oxygen species (ROS).”® This incorporation
of macrophage membranes serves a dual purpose. Firstly, it
effectively prevents the clearance of nanoparticles by evading
the reticuloendothelial system. Secondly, it guides the nano-
particles towards sites of inflammation. Additionally, the
macrophage membrane actively counteracts proinflammatory
cytokines, thereby exerting a localized inhibitory influence on
inflammation.”® A comparative analysis of this approach with
the utilization of macrophages as carriers for ROS-responsive
nanoparticles highlights the suitability of the strategy invol-
ving cell membrane-coated drug delivery systems for the man-
agement of inflammatory diseases (Fig. 5). Recently, the
macrophage membrane-coated nanoparticles have emerged as
a promising avenue for bone regeneration and the treatment
of osteoporosis.”® For instance, Yin et al. developed a bio-
mimetic anti-inflammatory nano-capsule (BANC) that utilizes
lipopolysaccharide-treated macrophage cell membranes with
cytokine receptors to block pro-inflammatory cytokines and
promote M2 macrophage polarization, enhancing bone tissue
repair through controlled release triggered by near-infrared
laser irradiation, demonstrating potential therapeutic strat-
egies for bone regeneration.>®

4.4 Neutrophil membrane-coated nanoparticles

As a prominent subset of leukocytes, neutrophils assume a
pivotal role in the immune defense against bacterial and
fungal infections. Embedded within the framework of neutro-
phil membrane-coated nanoparticles lies a complex interplay
of functionalities intrinsic to neutrophils. Owing to their dis-
cernible prevalence within the bloodstream, these immune
cells promptly mobilize towards sites marked by infection or
inflammation. This choreographed recruitment engenders a
pronounced amplification of the targeting efficacy intrinsic to
neutrophil membrane-coated nanoparticles, culminating in a
deliberate maneuver that navigates towards regions infiltrated
by pathogenic incursions.®°

This journal is © The Royal Society of Chemistry 2024
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The neutrophil membrane, acting as an organic and bio-
compatible covering, preserves the intrinsic attributes of neu-
trophils. This facet begets an unparalleled opportunity for
CMNPs, imparting various advantages such as enhanced bio-
compatibility, escalated phagocytic activity, and the potential
for precise targeting of infection or inflammation.®" The repli-
cation of neutrophil functionalities encapsulated within
CMNPs harmonizes with the potential to enhance therapeutic
interventions by leveraging innate immunological responses.®°

In addition, the paradigm of neutrophil membrane-coated
nanoparticles is distinguished by the manipulation of neutro-
phils to exhibit customized receptors, enzymes, or other func-
tional entities. This progressive stride in bioengineering con-
verges with CMNPs, where such attributes can be conveyed
through the membrane coating. This intricate process engen-
ders a novel strategy for tailoring and enhancing the func-
tional attributes of CMNPs, aligning with the unique demands

This journal is © The Royal Society of Chemistry 2024

of diverse therapeutic scenarios.*>®* For instance, Liu et al.

introduced a novel neutrophil-membrane-coated zeolitic imi-
dazolate  framework-8 (ZIF-8) nanodelivery  platform
(AM@ZIF@NM) designed for targeted transportation of anti-
microRNA-155 to endothelial cells.®” The incorporation of neu-
trophil membrane enhances the specificity of plaque endo-
thelial cell targeting, facilitated by the interaction between the
neutrophil membrane protein CD18 and the endothelial cell
membrane protein intercellular adhesion molecule-1 (ICAM-1).
The ZIF-8 “core” contributes to substantial loading capacity
and efficacious escape from endolysosomes. Successful deliv-
ery of anti-miR-155 results in effective downregulation of
miR-155 expression and preservation of its target gene BCL6.
This delivery approach also correspondingly diminishes the
expression of RELA and its downstream target genes, namely
CCL2 and ICAM-1. Consequently, this anti-miR-155 nanothera-
peutic approach exhibits the ability to suppress inflammation
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within atherosclerotic lesions, thereby mitigating the pro-
gression of atherosclerosis (Fig. 6).

Neutrophils are key players in the inflammatory response
associated with osteoporosis. They release pro-inflammatory
cytokines and reactive oxygen species, contributing to bone
resorption and tissue damage. In addition, NMNPs leverage
the inherent homing ability of neutrophils to inflamed tissues,
potentially enabling targeted delivery of anti-inflammatory or
bone-strengthening agents to osteoporotic lesions. Although
direct evidences of using NMNPs for osteoporosis is limited, it
is still hold promise for targeted delivery of anti-inflammatory
or bone-strengthening agents to osteoporotic lesions by lever-
aging the innate homing ability of neutrophils to inflamed
tissues. For instance, neutrophil-cell-membrane-based bio-
mimetic nanoparticles (NM-LANPs@Ru) could be directly tar-
geting inflamed joints, acting as a nitric oxide (NO) delivery
system and exhibiting excellent fluorescence/photoacoustic
imaging properties.”®

8244 | Nanoscale, 2024, 16, 8236-8255

4.5 T cell membrane-coated nanoparticles

T cells, vital defenders within the immune system, assume an
extraordinarily specialized role in detecting infected cells. The
distinguishing hallmark of T cell functionality is their excep-
tional ability to identify specific antigens via specialized
surface receptors, prominently represented by T cell receptors
(TCRs) and co-receptors. This distinctive recognition of anti-
gens constitutes the foundational basis for the design and
functionality of CMNPs.**
mechanism within CMNPs orchestrates tailored interventions,

The emulation of this intricate

thereby enhancing their precision in targeting, proficiency in
immunomodulation, and customized functionalities.®*
Furthermore, T cells demonstrate an extended capacity for
enduring presence, targeted migration to specific tissues, and
orchestration of immune responses. These attributes bestow
unique advantages upon CMNPs, presenting prospects for sus-

tained drug delivery, immunomodulation, and target

This journal is © The Royal Society of Chemistry 2024
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therapy.®>®® Moreover, T cells harbor the potential for specific

activation and expansion upon encountering their cognate
antigens, thus further amplifying the therapeutic impacts of
CMNPs.* In a previous study, Li et al. Developed a Treg cell
membrane-coated nanoparticles, which offer a biomimetic
strategy for immunosuppression by directly interacting with
effectively inhibiting immuno-
inflammatory processes and reducing inflammation and bone
resorption in periodontitis models, suggesting their potential
Nonetheless, a

hyperactive immune cells,

as a therapeutic approach for such diseases.®®
series of challenges should not be neglected. These encompass
the possibility of immune recognition directed at T cell-
derived coatings, susceptibility to immune rejection in certain
contexts, and the intricate task of procuring an ample supply
of functional T cells for the extensive production of CMNPs.
Each of these challenges needs thorough consideration and
effective resolution strategies.

This journal is © The Royal Society of Chemistry 2024

4.6 Osteoblast/osteoclast cell membrane-coated
nanoparticles

Osteoblasts and osteoclasts, key players in osteoporosis,
exhibit distinct functionalities essential for bone remodeling
and homeostasis. Osteoblasts contribute to bone formation by
synthesizing bone matrix and minerals. Coating nanoparticles
with osteoblast cell membranes could enable them to interact
effectively with bone tissue, potentially promoting bone regen-
eration. For instance, coating nanoparticles with preosteoblas-
tic cells like MC3T3-E1 cell membranes presents a promising
strategy for certain bone diseases, as it demonstrates potential
to overcome limitations in drug delivery, while optimizing
drug loading and delivery features for enhanced efficacy.®®
Conversely, osteoclasts are responsible for breaking down
bone tissue, which is essential for maintaining bone turnover.
Nanoparticles coated with osteoclast membranes pose abun-
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dant RANK receptor, thereby neutralized RANKL to prevent
osteoclastogenesis.>> However, obtaining a reliable and abun-
dant source of these cells are challenging. For example, isolat-
ing osteoclasts from bone marrow can be technically challen-
ging and may yield low quantities of cells. Similarly, obtaining
osteoblasts from bone tissue requires invasive procedures and
may not always result in pure populations of -cells.
Additionally, culturing osteoblasts from mesenchymal stem
cells can be time-consuming and may involve complex differ-
entiation protocols. Therefore, the development of strategies to
overcome these challenges in obtaining these cells for nano-
particle coating is essential for advancing research and poten-
tial therapeutic applications in osteoporosis and other bone
diseases.

5. Therapeutic applications of
CMNPs for bone remodeling
5.1 Enhancement of osteogenic differentiation by CMNPs

The therapeutic potential of CMNPs has unveiled a promising
strategy for advancing bone regeneration through the augmen-
tation of osteogenic differentiation and mineralization within
MSCs.”® Upon envelopment with membranes derived from
MSCs, CMNPs assume the form of biomimetic constructs,
closely mirroring the surface characteristics of their parent
MSCs. This emulation provides an environment favorable for
cell adhesion, proliferation, and, notably, differentiation. The
incorporation of cell membrane proteins, encompassing integ-
rins and growth factor receptors, onto CMNPs facilitates the
initiation of signaling cascades that underlie osteogenic differ-
entiation.”® This cascade, in turn, culminates in an upsurge of
osteogenic marker expression, concomitant with the mineraliz-
ation process within MSCs. This amalgamation marks a pivotal
advance toward the establishment of resilient bone tissue.”"*>

Intricately, CMNPs also encapsulate an array of cell mem-
brane-derived factors pivotal for mineralization, including
matrix vesicles and calcium-binding proteins.”® Their presence
establishes a designated site for the initiation of calcium phos-
phate deposition, leading to an amplified effect of mineraliz-
ation. This ultimately results in the crystallization of hydroxy-
apatite, a fundamental mineral component of bone, thereby
substantially enhancing the biomechanical integrity of the
regenerated tissue.”*

Furthermore, the potential of CMNPs extends beyond mere
replication. The deliberate incorporation of distinct osteogenic
factors, such as bone morphogenetic proteins (BMPs) and
other growth factors, augments their capacity for osteogen-
esis.”> These factors can be functionally integrated into the
CMNP’s cell membrane coating or anchored onto their
surface. This modification allows for the sustained release and
localized delivery of these potent agents, inducing a localized
surge in osteogenesis, thus enhancing bone rejuvenation at
the precise target site.

For instance, the Cai et al. group introduced a composite
ECM-mimetic hydrogel composed of chitosan and collagen,

8246 | Nanoscale, 2024, 16, 8236-8255
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engineered with the integration of MSCs membrane-coated
black phosphorus (BP) nanosystem.’”> The MSCs membrane-
coated BP nanosystem exhibits a mild photothermal effect
upon exposure to near-infrared (NIR) light. This effect serves
to induce the recruitment of osteoblasts by activating the heat
shock proteins (HSPs)-mediated matrix metalloproteinase
(MMP) cascade and the ERK-Wnt/p-catenin-RUNX2 signaling
axis (Fig. 7a). Concurrently, the thermal decomposition of BP
leads to the release of phosphate ions into the surrounding
milieu. These released ions act as chemoattractants for
calcium ions, facilitating the in situ formation of hydroxy-
apatite within the ECM. This phenomenon is particularly
advantageous for promoting osteoblast migration and foster-
ing osteogenic differentiation (Fig. 7b and c). In vivo, the treat-
ment substantially augments local bone density and fosters
the generation of new bone tissue. These findings underscore
the promising potential of the innovative MSCs membrane-
coated nanosystem in augmenting osteogenic differentiation
and facilitating mineralization deposition.

5.2 Inhibition of osteoclast activity by CMNPs

Osteoclastogenesis, a pivotal process catalyzed by a complex
signaling cascade, is mediated by pathways like RANKL.>® In
the context of CMNPs, the cell membrane coating emerges as
a pioneering approach, orchestrating the disruption of these
signaling pathways. Consequently, this interference orches-
trates a reduction in the differentiation of osteoclast precursor
cells into mature osteoclasts.’® Aiming to impede the pro-
gression of bone loss, this intervention seeks to reconstruct
the balance in favor of bone preservation.

Notably, CMNPs show their ability to impede bone resorp-
tion by effectively inhibiting the attachment and activity of
osteoclasts on bone surfaces. This modulation encompasses
the intricate interplay of enzymatic secretion and factor release
by osteoclasts, culminating in an environment that hampers
their proficiency in engaging with bone tissue resorption.>” In
a targeted effort to enhance this function, the deliberate incor-
poration of distinct inhibitors of osteoclast activity, such as
bisphosphonates or other anti-resorptive agents, into the cell
membrane coating of CMNPs or their surface becomes crucial.
This strategic integration capitalizes on their capability for sus-
tained release and localized delivery, orchestrating a highly
precise intervention precisely at the site of interest. This effect,
catalyzed by CMNPs, stands as a potential strategy to effec-
tively regulate the excessive activity of osteoclasts and mitigate
the subsequent cascade of bone resorption.

In a pioneering study, the Yin et al. group developed nano-
decoys with the ability to scavenge RANKL and TNF-a. These
nanodecoys are created from poly(lactic-co-glycolic acid)
(PLGA) nanoparticles coated with membranes derived from
preosteoclasts. The utilization of these nanodecoys has proven
effective in inhibiting osteoporosis and preserving bone integ-
rity (Fig. 8a).>* The high abundance of RANK and TNF-a recep-
tors (TNF-aR) on the cell membranes effectively neutralizes
RANKL and TNF-a, respectively. This dual action prevents the
formation of osteoclasts and promotes the development of

This journal is © The Royal Society of Chemistry 2024
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ation. Reproduced with permission.®? Copyright 2022, Elsevier.

osteoblasts. The in vivo results indicated the reversal of the
osteoporosis progression in ovariectomized mouse models
(Fig. 8b and c). The development of these biomimetic nanode-
coys offers a promising strategy for restoring the balance
between osteoclasts and osteoblasts, representing a significant
advance in the clinical management of postmenopausal
osteoporosis.

5.3 Reprogramming bone immune microenvironment

Recent advances in nanomedicine have led to the development
of innovative therapeutic approaches aimed at reprogramming
the bone immune microenvironment to mitigate
osteoporosis.”**> The bone microenvironment is a dynamic
niche with a complex immune component. Immune cells,
including macrophages and T cells, play pivotal roles in regu-

This journal is © The Royal Society of Chemistry 2024

lating bone homeostasis.’® Dysregulation of these immune
responses, as seen in osteoporosis, leads to increased osteo-
clast activity and reduced osteoblast function. An understand-
ing of these immune interactions forms the basis for thera-
peutic interventions.

CMNPs, an emerging nanomedicine platform, have gar-
nered substantial attention due to their unique properties.
These nanoparticles are typically derived from cell mem-
branes, such as macrophages or MSCs, and maintain the
surface characteristics and functional proteins of their source
cells."* This preservation of native cell properties allows for tar-
geted drug delivery, immune modulation, and improved bio-
compatibility. CMNPs can be engineered to target specific
immune cells within the bone microenvironment. By mimick-
ing the surface markers of immune cells involved in bone
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Fig. 8 Preosteoclasts CMNPs for restoring the osteoclast/osteoblast balance in the treatment of postmenopausal osteoporosis. (a) Schematic rep-

resentation of Preosteoclast CMNPs for Anti-Osteoporosis Management. (b

) In vivo study timeline: female C57/BL6 mice underwent bilateral ovari-

ectomy. Over the subsequent 60 days, intravenous injections of PBS, PLGA nanoparticles, or RAW-PLGA nanodecoys were administered at a dosage
of 10 mg PLGA per kg every 3 days. On day 60, mice were euthanized for analysis. A group of mice that did not undergo ovariectomy or receive NP/
nanodecoy treatment was included as the normal control. (c) Representative photomicrographs of femoral sections stained with tartrate-resistant
acid phosphatase, and the representative micro-CT (computed tomography) images of femoral and trabecular bones. Reproduced under the terms
of a Creative Commons Attribution 4.0 International License.> Copyright 2021, The Authors.

regulation, these nanoparticles can modulate immune
responses.”” In a prior study, Ding et al introduced the
development of macrophage-mimetic porous SiO,-coated
ultra-small Se particles, referred to as porous Se@SiO, nano-

spheres, as a potential approach for managing osteolysis.””

8248 | Nanoscale, 2024, 16, 8236-8255

Serving as macrophage membrane decoys, these nano-
particles reduced endotoxin levels and neutralized pro-
inflammatory cytokines. the release of Se
induced macrophage polarization towards the anti-inflamma-

tory M2 phenotype. These effects were mediated through the

Furthermore,

This journal is © The Royal Society of Chemistry 2024
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inhibition of p65, p38, and ERK signaling pathways
(Fig. 9a). Additionally, the immune microenvironment
created by M-Se@SiO, alleviated the inhibitory effects of
pro-inflammatory cytokines on osteogenic differentiation, as

a
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osteolysis model

View Article Online
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corroborated by both in vitro and in vivo experiments
(Fig. 9b and c). These findings underscore the immunomo-
dulatory role of M-Se@SiO, in LPS-induced inflammation
and bone remodeling.
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Fig. 9 An example of CMNPs-mediated regulation of bone immune environment. (a) Schematic representation of CMNPs for modulating bone
immune microenvironment and enhancing bone remodeling. (b) Masson trichrome staining was employed to examine skin tissue derived from air
pouches. Notably, arrows have been employed to demarcate the fibrous layer within the tissue. (c) Three-dimensional reconstructed images of the
calvaria were generated for each experimental group. In these images, white arrows are employed to denote areas of osteolysis. Reproduced under
the terms of a Creative Commons Attribution 4.0 International License.®’Copyright 2021, The Authors.
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5.4 Combination therapy using CMNPs for osteoporosis
For osteoporosis treatment, the utilization of combination

therapy involving CMNPs has arisen as a highly promising
strategy.>® The inherent versatility of CMNPs, which can be
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functionally tailored with a spectrum of drugs and bio-
molecules, has enabled the achievement of synergistic effects,
ultimately translating into markedly enhanced therapeutic out-
comes.”® For instance, the Shi et al. group proposed an electro-
poration-based membrane coating strategy to enhance both
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Fig. 10 An example of combination therapy using CMNPs for osteoporosis. (a) Schematic representation of CMNPs for modulating bone immune
microenvironment and enhancing bone remodeling. (b) H&E staining was performed on the inflammatory area of the femur after a 5-day treatment
period, and Masson staining was performed on the bone repair area after 4 weeks. Reproduced under the terms of a Creative Commons Attribution

4.0 International License.?” Copyright 2021, The Authors.
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anti-inflammatory and osteoconductive therapeutic efficacy.””
The membrane coating achieved through electroporation pre-
served the structural integrity and orientation of the cell mem-
brane, while also retaining a higher concentration of func-
tional proteins. This led to enhanced properties in terms of
the recognition and adsorption of bacteria, toxins, and inflam-
matory cytokines (Fig. 10a). Leveraging the advantages of elec-
troporation, CMNPs exhibited significantly improved antibac-
terial and anti-inflammatory capabilities, thereby enhancing
the tissue repair process (Fig. 10b). This study introduces a
novel self-assembly strategy for cell membrane coating utiliz-
ing electroporation, enabling the construction of multifunc-
tional CMNPs tailored for bone remodeling. This approach not
only enhances the functional attributes of the coated mem-
brane but also proves to be universally applicable to a variety
of nanoparticles or cells. As a result, it holds substantial poten-
tial for future applications in the field of bioengineering.

Within the etiology of osteoporosis, the influence of
chronic inflammation is well-recognized. In response to this,
CMNPs can be configured to carry anti-inflammatory agents
such as nonsteroidal anti-inflammatory drugs (NSAIDs) or glu-
cocorticoids.”” These agents, when transported via CMNPs to
the bone tissue, have the capacity to mitigate inflammation,
thereby creating an environment conducive to effective bone
formation. This dual-pronged strategy not only addresses the
underlying inflammatory component of osteoporosis but also
primes the bone tissue for regeneration.®

Moreover, augmenting CMNPs with bone-targeting moi-
eties like calcium-binding fragments, phosphoserine peptides,
or hydroxyapatite-binding peptides results in their preferential
accumulation within bone tissue.’® This localization optimizes
therapeutic efficacy by ensuring a higher concentration of
active agents precisely where they are needed. This strategy
aligns with the principle of precision medicine, maximizing
the therapeutic impact while minimizing off-target effects.

Additionally, the potential of CMNPs extends to multi-
faceted therapeutic loading. By encapsulating an array of bio-
active substances including drugs, growth factors (BMPs,
IGF-1, TGF-B), peptides (osteopontin, osteocalcin, RGD pep-
tides), and bone-targeting agents, a synergistic therapeutic
milieu is established. This orchestrated combination capita-
lizes on diverse mechanisms, engendering a holistic and opti-
mized approach to combatting osteoporosis.

6. Conclusion

While CMNPs hold considerable promise for osteoporosis treat-
ment, the field still faces several challenges that must be
addressed to fully realize their potential. In this section, we delve
into these challenges and present viable solutions while also
exploring future applications of CMNPs in osteoporosis therapy.

6.1 Fabrication challenges and scalability

The fabrication methods for CMNPs can be intricate and
reliant on specialized equipment and expertise, potentially

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

limiting scalability and reproducibility. To overcome this chal-
lenge, researchers are actively exploring novel fabrication tech-
niques that are cost-effective, scalable, and suitable for large-
scale production. These efforts aim to streamline the manufac-
turing process of CMNPs, making them more accessible for
clinical translation.

6.2 Safety and biocompatibility Assurance

While CMNPs are derived from natural cell membranes, ensur-
ing their safety and biocompatibility is paramount. Rigorous
evaluation protocols are necessary to assess potential immune
responses, toxicity, and long-term effects on the host organ-
ism. Collaborative efforts among multidisciplinary teams com-
prising biologists, chemists, and clinicians are essential to
develop standardized safety assessment protocols.

6.3 Regulatory approval pathway

The regulatory pathway for CMNPs as a novel therapeutic inter-
vention for osteoporosis is complex, requiring extensive pre-
clinical and clinical investigations. To expedite this process,
collaboration among regulatory agencies, academic insti-
tutions, and industry partners is crucial. Establishing clear
guidelines and streamlining regulatory pathways for CMNP-
based therapies can accelerate their translation from bench to
bedside.

6.4 Cost-effectiveness and affordability

Production costs associated with CMNPs, including isolating
and characterizing cell membranes, fabricating CMNPs, and
functionalizing them with bioactive compounds, may hinder
their cost-effectiveness compared to alternative osteoporosis
treatment options. Researchers are exploring cost-effective fab-
rication techniques and alternative sources of cell membranes
to reduce production costs without compromising quality and
efficacy. Economic modeling studies can provide valuable
insights into the cost-effectiveness of CMNP-based therapies,
guiding healthcare decision-making and resource allocation.

6.5 Future applications and opportunities

Despite these challenges, CMNPs hold vast potential in osteo-
porosis therapy. Their unique attributes, such as biocompat-
ibility, biodegradability, and customizable functionality,
enable targeted drug delivery, efficient combination therapy,
and personalized treatment approaches. Future research direc-
tions may include exploring novel applications of CMNPs in
regenerative medicine, immunotherapy, and targeted drug
delivery to other disease sites beyond osteoporosis.
Collaborative efforts among academia, industry, and regulatory
agencies are essential to drive innovation in CMNP research
and translate scientific discoveries into clinical practice.

In summary, addressing the challenges outlined above is
essential to unlock the full potential of CMNPs in osteoporosis
therapy. By overcoming fabrication hurdles, ensuring safety
and regulatory compliance, and enhancing cost-effectiveness,
CMNPs can emerge as a transformative approach for treating
osteoporosis and other diseases. Moreover, exploring novel
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applications and expanding the horizons of CMNP research
hold promise for changing healthcare delivery and improving
patient outcomes.
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