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Abstract: Osteoarthritis (OA) is a degenerative disease commonly seen in middle-aged and elderly people. Multiple cytokines are
involved in the local tissue damage in OA. Currently, non-pharmacologic and surgical interventions are the main conventional
approaches for the treatment of OA. In terms of pharmaceutical drug therapy, NSAIDs and acetaminophen are mainly used to treat
OA. However, it is prone to various adverse reactions such as digestive tract ulcer, thromboembolism, prosthesis loosening, nerve
injury and so on. With the in-depth study of OA, more and more novel topical drug delivery strategies and vehicles have been
developed, which can make up for the shortcomings of traditional dosage forms, improve the bioavailability of drugs, and significantly
reduce drug side effects. This review summarizes the immunopathogenesis, treatment guidelines, and progress and challenges of
topical delivery technologies of OA, with some perspectives on the future pharmacological treatment of OA proposed.
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Introduction

Osteoarthritis (OA) is a common inflammatory joint disease occurring in middle-aged and elderly people, mainly
manifested by articular cartilage degeneration, osteophyte formation, functional impairment and arthritis pain,'™
which causes patients to experience clinical manifestations such as pain, stiffness, swelling, and limited joint function.
As shown in Figure 1, the main diseased joint of OA lies in the cartilage of the patient, which leads to the subsequent
degeneration of the joint, resulting in secondary synovitis. The patient’s bone hyperplasia leads to the appearance of
osteophytes in joints. When the osteophytes are heavy, the patient’s cartilage and sub-bone will be seriously damaged. In
the process of OA, cartilage structure is destroyed, which increases the sensitivity of cartilage to external stimuli. In the
early stage of OA, the main pathological changes are the changes of subchondral bone trabecula led by bone remodeling.
In the advanced stage of OA, the main pathological changes are subchondral osteosclerosis. A series of changes in the
subchondral bone will aggravate the damage of articular cartilage. Due to the impaired repair ability of articular cartilage,
the balance between synthesis and degradation is broken, and the structure and properties of articular cartilage are
changed, which leads to the occurrence of OA.

The causes of OA are numerous and complex, and it is currently believed that its pathogenesis is related to physical
factors, age, genetics, immunity, hormone levels,” with cytokines imbalance being the main pathological mechanism.
They are involved in numerous physiological metabolic and functional regulations and maintain the normal structure and
function of their tissues.® Chondrocytes are targets for the action of cytokines, and conversely, chondrocyte regeneration
may require locally high concentrations of cytokines. Therefore, it is of great interest to search for cytokines and
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Figure | The pathology of OA.

signaling pathways that can alter endochondral homeostasis and to investigate how enhanced or suppressed levels of their
expression affect the development of OA.

Currently, the treatment of OA is still limited to anti-inflammatory drugs, intra-articular injections into the knee joint,
and joint replacement surgery, but these therapeutic strategies cannot completely prevent joint tissue damage or OA
progression, and there are obvious side effects. Therefore, it is particularly important to explore an intervention that can
effectively relieve OA and improve the condition of OA at an early stage. Given this, this review focuses on the latest
therapeutic modalities related to cytokines and signaling pathways, integrates the mechanism of action of local drug
delivery techniques and the latest research results, compares the clinical and basic experimental results of each
therapeutic modality, and predicts the future direction of research based on the strengths and weaknesses of each
therapeutic modality, which is important for the search for better OA treatment and bone tissue engineering research
in the future. This review is of great significance in the search for better OA treatments and bone tissue engineering
research. This review is intended to provide a basis for exploring new therapeutic targets and modalities and conducting
related research in the future.

Immunoinflammatory Lesion Mechanisms in OA

Inflammatory cytokines are involved in a variety of physiological metabolic and functional regulation of the body,
playing a vital role in maintaining organizational structure and function.”* Particularly, IL-1p plays an inflammatory role
in disease mainly by activating a cascade of inflammatory responses.” IL-1B can activate the NF-kB pathway and induce
joint destruction. IL-1B can promote chondrocyte production of matrix metalloproteinases (MMPs).'” IL-1f can inhibit
the expression of type II collagen with cartilage characteristics, and promote the production of type I collagen with
fibroblast characteristics, thus destabilizing cartilage and causing the destruction of articular cartilage.'' IL-1p promotes
the production of NO, which promotes the activation of MMPs, inhibits collagen and proteoglycan synthesis, promotes
apoptosis. In addition, IL-1B promotes the synthesis and release of prostaglandin E2 (PGE2) from chondrocytes and
synoviocytes to produce potent analgesic effects.'> TNF-a is an important pro-inflammatory factor.'® Inhibiting the
expression of TNF-o helps ease the progression of OA.'*!'> MMPs were significantly increased in synovium.'®'” TNF-a
can promote the synthesis of polyproteinglycanase-7 (ADAMTS-7) through NF-kB signaling pathway, destroy cartilage
matrix, mediate the synthesis and secretion of inflammatory mediators, and block cartilage repair.'® Studies have shown
that targeted inhibition of IL-6 is effective in delaying the progression of OA in mouse experimental models.'*° The
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increased IL-6 content in osteoblasts of OA patients secretes MMPs, which has a harmful effect on cartilage.?! 1L-6
greatly increased the content of PGE2 and collagenase, and degraded articular cartilage.”>** IL-6 stimulates synovial
membrane to secrete RANKL, which promotes the maturation of osteoclasts and disrupts the balance between osteoblasts
and osteoclasts. Synergizes with IL-1f and TNF-a to cause osteoporosis and aggravate joint damage. Transforming
growth factor B (TGF-B) is an anti-inflammatory and anabolic cytokine that controls chondrocyte proliferation and
differentiation as well as extracellular matrix deposition, and promotes proliferation of undifferentiated mesenchymal
cells, endothelial cell chemotaxis, and angiogenesis. TGF-f has the ability to stimulate proteoglycan synthesis and inhibit
hypertrophic chondrocyte differentiation.** Alterations in its signaling or composition may therefore affect cartilage
homeostasis and accelerate the course of OA. There is strong evidence to show that, in chondrocytes, TGF- binds to
TGFBR1 (ALKS) and TGFBR2, regulating gene transcription including the activation of chondrogenesis (Sox 9) and
suppression of degeneration (MMP-13) and mineralization (ALP). TGF-B/ALKS regulates articular cartilage homeostasis
by up-regulating PRG4 expression through the PKA-CREB signaling pathway.*® Disrupting any step of this pathway
such as deletion or mutation of the TGFBR and SMAD2/3 complex, leads to OA pathogenesis including chondrocyte
hypertrophy, cartilage degradation, and excessive mineralization including osteophyte formation.”®* At the onset of
OA, TGF-p promotes chondrocyte MMP-13, ADAMT-5, and collagen type X (COL10) expression by upregulating the
bone degeneration. In addition, TGF-B selectively inhibits collagenase or proteoglycanase, exerting protective effects.
Leptin is a pro-inflammatory factor because it appears to act on a so-called low-grade inflammatory state in obese
people.?”° Leptin acts synergistically with other pro-inflammatory and catabolic factors to activate the MAPK pathway
and the content of MMPs was increased, such as MMP-9 and MMP-13.2'* Leptin induces chondrocyte apoptosis
through the JAK2/STAT3 signaling pathway.>> Leptin upregulates the expression of IL-1p and IL-6 via the NF-xB
pathway.*® Leptin activate nitric oxide synthase 2 (NOS2) through the PI3K, and MAPK pathways, thereby promoting
cartilage apoptosis and joint degeneration.>’ Leptin induces the production of inducible iNOS in human chondrocytes
when acting synergistically with IL-1p in cartilage tissue.** Large amounts of NO synthesized by iNOS genes induce
tissue damage and accelerate inflammation.*® In addition, Leptin increases expression of ADAMTS-4, and ADAMTS-9
in human chondrocytes, leading to cartilage degeneration.®® Thus, Leptin induces chondrocytes to develop an
Inflammatory environment that damages cartilage tissue. The pathogenesis of OA regulated by inflammatory cytokines
is shown in Figure 2.

Non-Pharmacological Interventions

Exercise has been widely proven to have a pain-relieving effect on patients with OA.*® A small body of evidence
supports aquatic exercise, which has been shown to have significant advantages on pain and objective measures of
function.*' Scholars have noticed that weight loss will contribute to symptom or functional improvement in patients with
OA.** As shown in Figure 3, Tai Chi can help people feel better by reducing pain and stiffness.**** Hand orthoses can
support the entire hand and may offer benefits by providing warmth and compression to the joints of the hand.
Arthroscopic debridement significantly reduces inflammatory factors in synovial fluid, alleviates the destruction of
articular cartilage, improves symptoms of OA, effectively avoids or delays total knee replacement, and relives the
pain of patients.*> However, Arthroscopic debridement for OA is controversial.*® Numerous factors influence success
rates.*” " Osteotomy’s purpose is to transfer the mechanical axis from the pathologic area to the normal compartment. It
is thought to improve physical activity by decreasing pain. Either unicompartmental knee arthroplasty (UKA) or total
knee arthroplasty (TKA) can be used to treat severe knee arthritis. TKA is reserved as the final option for patients with
OA. TKA has generally been recommended for older patients with intolerable knee pain.”'

Drug Therapy for OA

With the development of OA, lifestyle modification is no longer effective in controlling disease. At this time, drugs are
needed in OA treatment. At present, the most commonly used drugs are acetaminophen and non-steroidal anti-
inflammatory drugs (NSAIDs). They effectively reduce inflammation and relieve pain, playing a key role in symptom
control. NSAIDs are commonly and frequently used for treating fever, pain, and inflammation.* NSAIDs are the key
drugs for OA, which can have anti-inflammatory functions in many ways. Firstly, NSAIDs can inhibit the activity of

International Journal of Nanomedicine 2024:19 hetps: 8339
Dove:


https://www.dovepress.com
https://www.dovepress.com

Shentu et al Dove

go,(‘»\%o Rl oMO /J.N\\L

(o]
/ k 3
€ N 3 o .
WP fet J -
0 ¢ -

{ 1 o —— @
D)6 N < ® o
- /\‘ e h@ Torp Leptin
TNF-a e o \'
SN

5
i

4

;
| )

IL-1R IL-6R TGFBR1/
TNFR l TGFBR2

l

MMP-3 MMP-13

.
[

|

G CT)
(i)
.
Collagenase

Target genes

Figure 2 Major cytokines involved and their contributing mechanisms to OA.
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Figure 3 Non-pharmacologic management of OA.
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COX through the COX pathway, inhibiting PG. Secondly, NSAIDs can inhibit the production of inducible NO synthase
and the transport of PG through the COX-independent pathway, blocking the conversion of arachidonic acid to PG and
thus inhibiting inflammatory reactions.”*~* NSAIDs have significant analgesic effects. NSAIDs can reduce the inflam-
matory such as IL-1B, TNF-q, inhibiting the overexpression of inflammatory factors.>> What’s more, scholars found that
NSAIDs has cartilage protective effect.”® However, once these drugs enter the blood circulation, they will not only face
the phagocytosis of the reticuloendothelial system and the destruction of proteases, but also be distributed throughout the
body, weakening the efficacy and increasing adverse reactions.”’ ®' Chondroitin sulfate (CS), is found in the cartilage
and ECM. The main factor causing the inflammation of the OA is the activation of NF-kB. CS exerts anti-inflammatory
effects by decreasing ERK1/2, p38 MAPK and JNK activation, decreasing NF-«B activation and nuclear translocation,
and pro-inflammatory cytokines, protein hydrolases, and enzymes with pro-inflammatory activity (PLA2, COX-2, NOS-
2) in chondrocytes and synovium.®? Glucocorticoids (GS) can inhibit the production of superoxide radicals in damaged
cells, reduce the serum PGE2 level of patients, and block a variety of cell signaling pathways mediated by IL-1, which
can play a direct anti-inflammatory role. Glucosamine (GC) is a class of steroidal hormones. It can inhibit the production
of some inflammation-related cytokines, such as PGE2, ILs, TNF-a, leukotrienes (LTs) and granulocyte colony-
stimulating factor (G-CSF). GC inhibits the production of NO and adhesion molecules, reduces plasma exudation at
the site of inflammation, and attenuates inflammatory symptoms. GC indirectly inhibits the function of cytokines and
decreases cellular responsiveness to cytokines. However, GC reduces the body’s resistance and makes it susceptible to
infection by a variety of pathogenic factors. Hyaluronic acid (HA) is produced by synoviocytes, fibroblasts, and
chondrocytes and is a sulfate-free, naturally occurring, nonprotein glycosaminoglycan (GAG).®® Many studies have
confirmed that HA has anti-inflammatory effect. HA produces chondroprotective effects by binding to CD44. HA-CD44
binding decreased the expression of IL-1p, resulting in decreased MMPs synthesis. The inhibition of multiple MMPs
reduced the intra-articular cartilage partitioning dissimilatory metabolic enzyme activities.***> HA-CD44 binding further
inhibits the inflammatory factors resulting in an anti-inflammatory effect.°® With intra-articular hyaluronic acid injec-
tions, Leptin-regulated osteophyte formation decreases, reducing the inflammatory response, pain relief, and functional
limitations of the joint. In addition, saffronin derivatives can effectively reduce the level of NO secretion, which has anti-
inflammatory effects.®’”

Topical Drug Delivery Strategies

At present, the main administration mode for OA is oral administration. However, Oral administration, as traditional
administration, has a strong gastrointestinal response and low bioavailability.®® OA affects only a few parts of the joint, it
can be treated locally joints, so it can be treated locally. As shown in Figure 4, in recent years, novel local delivery
strategies have been developed. Intra-articular (IA) injections provide an effective route of drug delivery for OA therapy.
However, free drug from IA injections is rapidly cleared, resulting in insufficient drug concentration in tissues. This
challenges evidence the need to improve the drug bioavailability in the relevant tissues.®® Transdermal administration is
a non-invasive way of drug delivery, which not only overcomes the disadvantages of gastrointestinal irritation and the
first-pass effect of oral drug delivery but also has the advantage of prolonged and continuous drug delivery. It also has the
advantage of prolonged and continuous drug delivery, better patient compliance, convenient drug delivery, and self-
administration. The advantages and disadvantages of the topical drug delivery strategies are listed in Table 1.

Intra-Articular Injection

IA injection can enhance the local action of drugs, improve the bioavailability of drugs and reduce the side effects of
systemic administration.®>”® However, this does not mean that IA injection has no disadvantages. An obvious disadvan-
tage of A injection is the discomfort and pain they may cause and the possible risk of infection. And the drug is cleared
rapidly from the joints because of the physiology of joints. GC and HA are available as IA injection formulations for the
treatment of OA.”' Due to the rapid elimination in joints of traditional injection formulations, a novel drug delivery
strategy needs to be developed that allows for a prolonged presence of active ingredients in the joint over several weeks
or months and thus, a reduction of injection frequency.”* Safety, size and other aspects of the carrier should be taken into

consideration.”?
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Micron Scaled Platforms for Sustained Drug Release

Microsphere is a skeleton spherical drug delivery system formed by dissolving or dispersing drugs in polymer
materials.”* Arthritis drugs are made into microspheres and injected into the joint cavity, which not only protects the
drugs from various factors in the body and effectively overcomes the shortcomings of small-molecule drugs injected into
the bone IA, but also allows for the slow release of the drugs. Thus, the bioavailability of the drug is improved, which
facilitates the delivery and release of A injection drugs. Bone IA injection drug-carrying microspheres have outstanding

875 In some studies, tetramethylpyrazine sustained

clinical advantages, great potential, and broad market prospects.
release microspheres were injected into the joint cavity of OA model rats, and compared with conventional tetramethyl-
pyrazine injection. The number of administration was reduced, and the dosage of the drug was also reduced.
Inflammation of the synovium and joint capsule is a major factor in OA joint pain. Triamcinolone acetonide (TAA) is
a classic corticosteroid that temporarily reduces synovitis and pain.” In the study, at 37°C, an initial burst of TAA release
from PBS buffer occurred on the first day, with a gradual increase in TAA release after 60 days, reaching a cumulative
release of 50%.”° It strongly proved that PEA-based microspheres are promising for controlled release strategies in intra-
articular drug delivery systems. In another study, Racl inhibitor NSC23766 coated with chitosan microspheres contain-
ing HA was injected into OA knee joint to achieve the effect of slow release and lubrication,”” which may provide a new
option for OA treatment. However, the disadvantage is that the controlled release system only has 3 days of sustained

release.

Nano-Osmosis Delivery Systems
Compared with microspheres, nanoparticles (NPs) have the characteristics of small particle size and stable structure, and
have better application potential. NPs are tiny materials that have specific physicochemical properties different from bulk
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Table | Advantages and Disadvantages of Local Drug Delivery Strategies

Strategies Types Mechanism Advantages Disadvantages
Intra- Micron scaled | Through microencapsulation technology, the ® Protect the drug from the influence of | ® Drugs are easy to clear quickly from the
articular platforms for drug is dispersed and embedded in the various factors in the body, effectively joint cavity, there is a risk of accelerating the
injection sustained macromolecule, polymer matrix of small overcomes the shortcomings of small damage of articular cartilage, and repeated
drug release spherical entity. molecule drug injection into the bone injections are easy to cause infection.
cavity.
[ ]

Allow the slow release of the drug.

Nano- The drug molecules were dissolved, dispersed, ® Have the characteristics of small par- | ® Hydrophilic or more polar drugs have low
osmosis adsorbed or wrapped in suitable carrier materials ticle size and stable structure, and have drug loading.
delivery to prepare a drug delivery system with a particle good application potential. ® The surfactants used in the formulation
systems size of 10 ~ 100 nm. ® |ncrease drug hydrophilicity, reduce may cause skin irritation.
adverse reactions and increase circula-
tion time in the body.
Transdermal Chemical Act on the stratum corneum lipid molecules, and | ® Good biocompatibility, selectivity, | ® Cannot achieve the ideal penetration pro-
drug delivery | enhancers enhance the permeability of drugs by changing specificity and low toxicity. motion effect when applied to high molecu-
their arrangement structure and improving the lar weight drugs alone.

fluidity of lipid between cells.

lontophoresis | Charged drug molecules can be moved through ® Control the current through the | ® Have irritating and damaging effects on the

electrophoresis, while weakly charged or microprocessor, so that the drug skin, may change local metabolic processes,
uncharged molecules can be preferentially delivery rate can be adjusted freely. and may also cause changes in osmotic
delivered through the electroseepage generated pressure.

by moving cations in the stratum corneum.

Ultrasound Low frequency ultrasound can cause the vibration of | ® Ultrasonic cavitation facilitates the | ® The vibration effect of high intensity ultrasonic
the stratum corneum lipid bilayer through the entry of drugs into the body. arch may exceed the elastic limit of tissue
cavitation effect and thermal effect, resulting in the material, causing it to break and cause damage.

disordered arrangement of its structure. At the
same time, a large amount of water penetrates into
these regions, forming water-based channels that can
allow the rapid diffusion of drugs.

Heat Selectively heating the skin surface creates ® Simple, the curative effect is reliable | ® May cause thermal tissue damage.
reversible micron-scale pores in the stratum and the side effect is small.
corneum, facilitating the penetration of drug
molecules.

Microneedles The pinlike structures, distributed in microarrays, ® Minimally invasive, painless, high com- ® Have a small drug load, may bend and break
can deliver drugs directly through the stratum pliance, stable absorption rate and when inserted into the skin.
corneum to the dermis with little pain or tissue local control. ® Long-term deposition of matrix materials in
damage. the skin may lead to a series of safety problems.

materials of the same composition and such properties make them very attractive for medical development. Bone TA
injection drug-carrying NPs can increase the drug residence time in IA and avoid the rapid removal of water-soluble
drugs and bioactive molecules, improving the therapeutic effects. NPs as a drug delivery system for bone IA injection are
of great significance for OA treatment. NPs as a drug delivery system for bone IA injection are of great significance for
OA treatment. Polymeric micellar NPs bound to TGF-a, a potent EGFR ligand, have been reported to be stable and non-
toxic, with long joint retention time, and strong penetration ability.”® Peng’® investigated solid lipid NPs (SLN) as a novel
carrier for piroxicam sustained release and transdermal delivery (Pir-SLN). Pir-SLN inhibits inflammation by lowering

the level of PGE 2, which has great potential for anti-inflammatory applications. Chen et al*°

developed superlubricated
nanospheres. Bionic nanospheres can form a tough hydration layer around the amphiphilic ionic charge of polymer
brushes to enhance lubrication and enable local delivery of drug using nanocarriers. Lubrication properties and slow
release properties of the nanospheres were improved. In addition, super-lubricated drug-loaded nanospheres treat OA by
regulating the relationship between synthesis and metabolism. The nanospheres have the characteristics of lubrication
and continuous administration, and may be an effective intra-articular nanomedicine. A study has developed
a nanoreactor (ZFVO) effectively promotes angiogenesis by releasing cobalt ions and hydroxyl radicals, targeting injury
and infection sites, with the potential for precise treatment of trauma and orthopedic diseases.®'

Exosomes are small in size, uniform in distribution and wide in source. They are one of the materials used as
nanoscale carriers and can be used as a drug delivery system. Exosomes may become a new type of transporter for the
treatment of OA by using the stability of non-degradation after exosomes encapsulation to accurately target delivery by
loading drugs or functioning miRNAs. A research team reports that exosomes act as vectors to deliver miR-140 into
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chondrocytes as a novel treatment for OA.** Compared to unlabeled exosome vesicles, cap-exosomes can deliver cargo
to chondrocytes in vitro. Targeted delivery of KGN to synovial fluid-derived mesenchymal stem cells (SF-MSCs) via
engineered exosomes has been reported to result in uniform dispersion of KGN in the cytoplasm, increase its effective
concentration in cells, and strongly promote cartilage formation in SF-MSCs in vitro and in vivo. Exosome-delivered
KGN enables SF-MSCs to have in situ chondrogenic function, and transplantation is expected to be an advanced stem
cell therapy for OA.

In addition, exosomes can be used in the treatment of OA. It was confirmed that bone marrow mesenchymal stem
(BMSC) exosomes could alleviate OA by reducing cartilage damage and synovial macrophage infiltration.*® The
expression of IL-1p was inhibited in synovial fluid, and the release of IL-10 was increased. Exosome-treated macro-
phages maintain chondroblast properties. These results suggest that BMSC-exos may alleviate OA by transforming of
synovial macrophage M1 into M2 phenotype.

Hydrogels offer better biosafety than NPs.**#¢ Hydrogel is a kind of three-dimensional polymer network structure
colloid containing a lot of water inside, which has a high degree of hydrophilicity, swelling and porosity.®”*® Hydrogels
have become a research object in recent years because of their excellent stability, drug loading ability and low irritability
to the environment.*” For OA treatment, injection of hydrogel through bone IA can realize the increase of drug residence
time in OA and controlled release of the drug, and controlled release of the drug.”® A novel formulation of betametha-
sone dipropionate has been developed based on hollow silver hydrogel microcapsules.”’ Encapsulation of betamethasone
dipropionate into silver alginate microcapsules allowed to enhance its bioavailability and effectiveness which was
demonstrated in vitro on mouse fibroblasts. The proposed approach provides a new promising strategy for improving
OA therapy by reducing the side effects of glucocorticoid drugs. Kartogenin (KGN) is a small molecule that induces
differentiation of SF-MSCs to chondrocytes in vitro and in vivo. However, KGN forms intracellular precipitates,
resulting in low effective concentrations, thus limiting its chondrogenic activity. KGN forms precipitates within cells,
resulting in low effective concentrations, which limits its chondrogenic activity.”> An experiment to prepare KGN
particles and KGN hydrogels by covalent cross-linking showed that KGN hydrogels significantly prolonged the release
time of KGN drugs compared to KGN particles.”® In vivo, cartilage repair experiments demonstrated that KGN
hydrogels injected into bone IA could inhibit the development of OA and protect chondrocytes more effectively than
KGN particles and HA hydrogels. It proves that bone IA injection of KGN hydrogel has a good effect on OA treatment.

Liposomes have excellent targeting and biodegradability compared to hydrogels. Biodegradability, the use of
liposomes for bone IA injection in OA therapy is of great Significance. Liposomes are microscopic vesicles formed
by encapsulating a drug within a lipid-like bilayer. Liposomes are biocompatible, targeted, biodegradable, and non-toxic.
In recent years, the use of colloidal lipid dispersions as nanoparticulate drug carriers has gained more attention. Further,
the development of lipid NPs using solid lipids instead of liquid oils has come out with better results. Thus, solid lipid
NPs were introduced as an alternative carrier system for drug delivery which offers the potential for sustained or
controlled drug release by immobilization of the drug within a solid matrix.”* Chondroitin sulfate modified diacerein
carrying solid lipid NPs (ChS-DC-SLN) were prepared to take advantage of the synergistic function of these drugs in OA
treatment. Experiments prove that this system can extend release from 4 h up to 16 h.”> Therefore, ChS-DC-SLN has
great potential in treating OA.

In vitro cell viability studies, scholars found that the injectable system developed was non-cytotoxic and had excellent
cell viability in chondrocytes and osteoblasts. Thus, they can be candidates for the treatment of OA.

Transdermal Drug Delivery

Skin is the largest organ of the human body.”® As the first barrier of the human body, skin plays the main defense role
against foreign invasion, which can prevent the loss of water in the body, inhibit the invasion of external substances,
regulate body temperature and other functions.”” The penetration of drugs through the skin is the basis of transdermal
drug delivery.”® The stratum corneum is the main barrier that prevents drugs from entering the deep skin tissue.”® When
there is a significant first-pass effect, the drug may be metabolized prematurely. Transdermal injections also have many
advantages over subcutaneous injections, which can be very painful for patients.””

8344  "tes International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Shentu et al

The epidermis is composed of the stratum basale, spinosum, granulosum, and stratum corneum. These cells, called
keratinizing cells, are constantly dividing in the basal layer and moving toward the surface. In a process known as
keratinization, the keratinizing cells produce precursors of barrier components, such as keratin, filaggrin, and lipids,
which ultimately seal the surface of the skin. The end product of this process, the stratum corneum, is the skin’s
permeable barrier to most substances.'’* % It is difficult for hydrophilic or macromolecular drugs to pass through the
skin barrier, so it is necessary to use penetration enhancers to assist their delivery.

To make the strategy of transdermal delivery of drugs to the articular cavity site more effective, more drugs need to be
allowed to overcome the stratum corneum barrier to be effective. As shown in Figure 5, a variety of physical and
chemical pro-osmotic means are currently available for the attempted transdermal delivery of osteoarthritic drugs.

Chemical Enhancers

Chemical penetration enhancers can enter the stratum corneum and interact with its components, temporarily lowering the
penetration barrier without causing significant cellular damage.'®* The enhancers include hydrocarbons, alcohols, acetals,
amines, carboxylic acids, esters, amides, and sulfoxides if we use the main functional group to classify them. However, the
challenge is to make penetration enhanced, which is often associated with increased skin irritation. Among the chemical
penetration enhancement methods, nanocarriers have been extensively studied.'®> When used alone, nanocarriers mainly
deliver drugs to the skin and can be used to treat skin diseases. For effective transdermal drug delivery, nanocarriers should
be used in combination with physical methods as they act synergistically to enhance drug penetration.

In one study, nanostructures containing NPs were prepared by coupling with the hydrophobic polymer polylactic acid
(PLGA), solving the major problem of high hydrophilicity and low permeability of glucosamine as a transdermal delivery
system.'% The outer shell is hydrophobic PLGA and the inner core is hydrophilic Glc, which enables the nanocarriers to
penetrate the skin lipid membrane more effectively and release Glc continuously for 48 hours. PLGA-Glc nanostructures
exhibit a better penetration profile through in vitro transdermal penetration through human skin, with the shortest delay time

107

and high flux value. Peng "' induced a percutaneous photo-TRAIL procedure for the treatment of cutaneous melanoma
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Figure 5 Skin penetration enhancement.
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using avp3 integrin-targeting peptide ligands and transgenic E. coli derived outer membrane vesicles modified with
indocyanine green (I-P-OMYV). I-P-OMYV activated TRAIL-induced apoptosis of disseminated tumor cells leading to
complete eradication of the melanoma, with enhanced anti-tumor properties and a high safety profile.

Chemical enhancers avoid the hepatic first-pass effect and gastrointestinal inactivation that may occur with oral
administration, improve therapeutic efficacy and reduce the side effects of gastrointestinal administration. The role of
chemical enhancers in transdermal drug delivery systems is very important, but there are shortcomings, for example, it
promotes the permeation of small molecules. For some large-molecule drugs, chemical enhancers should be combined
with other physical osmotic promotion methods. Recent studies have found that bio-permeable agents such as permea-
tion-enhancing peptides, ceramides, and their analogs are also effective in promoting transdermal absorption of
drugs.'®®1%° Compared with chemical permeation enhancers, bio-permeable agents have lower toxicity, a wider range
of permeation enhancement, and better biocompatibility. However, the current understanding of bio-permeable enhancers
is still very limited, and its related issues such as drug-forming properties and safety still need to be further investigated.

lontophoresis

Iontophoresis is a non-invasive penetration promotion technique that enhances the penetration of charged drugs into
tissues by applying a low intensity current.''® Tontophoresis can be used for local or systemic administration, and is one
of the most promising directions for percutaneous and transmucosal administration. The main advantage of ion
introduction is that it provides control over the kinetics of drug input and the ability to tailor the rate of drug input,
which can be optimized for a given patient.''" In clinical practice, iontophoresis is often used for the rapid delivery of
lidocaine under local anesthesia''? and sweat-inducing pilocarpine as part of a diagnostic test for cystic fibrosis.'"
Fukuta''* demonstrated for the first time that iontophoresis can also be used as a transdermal delivery of macromolecular
drugs, such as antibodies and anti-cytokine therapeutics, and that this non-invasive and effective drug delivery is
expected to improve the quality of life for more patients. In addition, traditional Chinese medicine iontophoresis therapy
is also often used in the treatment of OA, which can promote the dilation of blood vessels, accelerate local blood
circulation, make the drug directly act on the patient’s lesion site, and thus play a better curative effect. However,
iontophoresis cannot deliver fat-soluble drugs, which requires high pressure to the electrode to allow the drug to
penetrate from the skin surface, which can easily cause skin damage.

Ultrasound

Fellinger K et al''® reported for the first time the treatment of multiple digital arthritis with hydrocortisone and ultrasound
promoting infiltration technology. Experiments showed that hydrocortisone injection combined with ultrasonic “mas-
sage” was more effective than hydrocortisone injection alone in the treatment of bursitis. Cameron''® reported the
successful use of cadocaine ultrasound in the treatment of closed Kohler fractures. Studies have shown that ultrasound
enhances the transdermal absorption of methyl and ethyl nicoate by altering the lipid structure in the stratum corneum.
The experimental results of Levy et al''” showed that the effect of 3—5 minutes of ultrasound could increase the
transdermal penetration of mannitol and physical amine into the skin of hairless rats by 15 times. David’s research
group''® applied the ultrasound machine to 90 knee OA patients. They found that prolonged low-intensity ultrasound
relieved pain in patients with OA and had a better therapeutic effect. It was revealed that low intensity ultrasound played
an effective role in the treatment of OA. In addition to the therapeutic effect of ultrasound itself, it can also be used to
assist delivery of drugs. As ultrasound passes through the tissue, bubbles expand and contract due to rectification
diffusion and bubble aggregation.''” The bubbles oscillate and break on the surface of the skin, creating local shock
waves and microjets of liquid flowing toward the stratum corneum.'?® The vibration of the cavitation bubble can cause
a large amount of water to penetrate into the disordered lipid region to form water-based channels, and the diffusion of
drugs through these channels is much faster than normal lipid channels.'?! In addition to cavitation, ultrasound can also
produce thermal effects, which play a key role by increasing skin permeability coefficient.'”*'?* For example,

Masterson'?*

reported that the current study demonstrated ultrasound therapy using a 1% diclofenac ultrasound patch
applied sam in a human skin simulant. The data showed increased temperature, local vasodilation, increased oxygenation

and drug exchange, as well as increased drug penetration due to increased skin porosity and acoustic flow. Overall, all of
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these properties improve targeted drug delivery, which is critical for localized pathologies such as arthritis. However,
ultrasonic penetration also has disadvantages, such as expensive equipment, difficult to popularize in individual families,
difficult for ordinary patients to bear and there are some risks and complications.

Heat

In a study, scholars use the heating system to improve isotretinoin delivery into human skin.'*> They found that the
system significantly increased the total delivery of isotretinoin from the optimized vehicle into the skin. These data
suggest that the use of short-term heating combined with chemical penetration enhancers provides a valuable strategy for
improving the delivery of drugs such as isotretinoin to the skin. What’s more, the researchers studied the function of
temperature on in vitro by measuring the transdermal reflux of fentanyl at 32 °C and 37 °C."?® For every 5 °C increase in
temperature, the return flow of drug approximately doubled. It has also been shown that a change of 5 °C is required to
induce measurable enhancement of intercellular permeability and drug transport.

Microneedles

Microneedles can be administered via a transdermal route and are simple and inexpensive to use.'?”'*® Henry et al'?’
first proposed the application of microneedles for transdermal drug delivery, and the results showed that the microneedles
were inserted into the skin, which can promote the penetration of drugs. Liposomes are spherical carrier preparations
formed by encapsulating drugs in lipid-like bilayer films. Liposomes can load hydrophilic and hydrophobic drugs, and
have the advantages of good biocompatibility and delaying drug release.'**'*' Triptolide (TP), is a toxic and insoluble
drug with poor oral bioavailability. To expand the prospect of its application in OA treatment, scholars developed
a liposomal carrying dissolved microneedles (DMN) system that can efficiently deliver poorly water-soluble TP. In vivo
drug distribution indicated that TP-Lipo-DMNs had a sustained release effect compared to IA injection.'** TP-Lipo-
DMNSs can significantly reduce the level of inflammatory cytokines and effectively reduce cartilage damage. Although
microneedle patches have been very successful in sustained-release drugs, there are still some challenges. The small size
of the microneedle patch and the limited dose of loaded drugs will limit the practical application of microneedle to some
extent. Most of the slow-release microneedles are generally PLA or PLGA, which have potential safety hazards when
they stay in the skin for a long time.

Discussion and Outlook

At present, the molecular mechanisms of OA are not completely disclaimed yet. With the progress of medicine, the
research on the pathogenesis of OA will be more in-depth, so as to explore more therapeutic targets for OA.'** Therefore,
this article summarizes the pathological and molecular mechanisms of OA, hoping to be helpful for further research.
Lifestyle modification is still the most effective way in the treatment of OA. Adopting good lifestyle can slow down the
progression of osteoarthritis. Meanwhile, it is also essential to develop novel therapeutic protocols for treating OA.
Currently, the clinical treatment of OA primarily involves the oral administration of NSAIDs. However, Oral adminis-
tration can cause severe gastrointestinal adverse reactions and low bioavailability due to first pass effect. IA injections are
invasive and require frequent dosing due to the rapid removal of the drug from the joint. How to deliver drugs into
cartilage is a challenge. As a result, various drug delivery systems (DDSs) have been gradually developed to fill this gap.
It would increase patient compliance, and reduce the risk of infection.

Since OA is only a localized disease, transdermal delivery would be well suited for the treatment of OA if the
existing problems can be solved. However, how to cross the skin cuticle barrier and the dense collagen network in the
joint cavity is a great challenge for transdermal drug delivery. Therefore, a new drug delivery system needs to be
developed to address these problems. To promote transdermal penetration, there is an increasing tendency towards the
combined use of multiple permeation-promoting techniques, such as microneedle-electroporation, ion introduction-
ultrasound coupling and so on. Huang combined microneedle and electroporation techniques to effectively deliver
DNA and siRNA into mouse skin. This electroporation protocol assisted by pre-perforation using a microneedle roller
not only enables nucleic acid delivery under low-voltage conditions but also has a higher safety profile compared with
treatment using electroporation only.'*® Lanke et al'** investigated in vitro transdermal administration of low
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molecular weight heparin (LMWH). The experimental results showed that the combined use of microneedles and
iontophoresis had a synergistic effect on LMWH transport, and the flux increased 14.7 times and 5.4 times compared
with that of iontophoresis alone. Mojeiko found that using a combination of microneedles and microemulsions for
topical breast skin drug delivery further improved transdermal drug penetration.'** Le et al'*® studied the synergistic
effect of ultrasound and iontophoresis on the transdermal transport of heparin. Ultrasonic iontophoresis enhanced the
heparin flux by 56 times, which was significantly greater than the sum of ion stimulation alone (15 times) and
ultrasound stimulation (3 times). Therefore, it is an inevitable trend to combine the existing methods. To explore the
synergistic effect of the combination has become a hot spot in the study of transdermal drug delivery. However, these
also pose challenge to drug delivery devices, and the ideal drug transdermal device should be safe, effective, portable,
and simple to operate. With the advancement of science and the continuous development of various fields, transdermal
delivery systems are expected to treat more diseases.

Given the unique advantages of topical-delivered drug strategies, it is believed that with the continuous development
of drug carrier technology as well as pharmacology and other fields, there is a bright future in the route of drug delivery.
Novel locally delivered drugs are constantly being developed, and it is increasingly recognized that by improving the
absorption efficiency of drugs, new routes of use will be given to some therapeutically effective drugs that cannot be
taken orally. In the future, we should consider not only how to deliver drugs to the target efficiently, but also how to adapt
the properties of locally delivered drugs to the needs of joint resorption, for which more efforts and in-depth studies will
be necessary in the future.
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