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Abstract
Osteoarthritis is one of the foremost disabling disorders in the world. There is no definitive treatment to prevent the progres-
sion of osteoarthritis. Hence, palliative treatment aims at minimizing pain, disability and improving function, performance 
and quality of life. Oral administration of nonsteroidal anti-inflammatory drug is associated with number of adverse effects 
and reduced therapeutic efficacy. Intra-articular injection has been the preferred route of drug administration. However, the 
clearance of drug from the arthritic site, risk of infections, cost and the pain associated with frequent injections make this 
route highly non-compliant to patients. Since osteoarthritis is a chronic condition which requires treatment for prolonged 
duration, there is an urgent need for another administration route which circumvents the hindrances linked with intra-articular 
route. Transdermal route across the skin locally at the osteoarthritis site could help in surpassing the disadvantages associated 
with intra-articular route. However, traversing skin barrier and reaching the chondrocytes with sufficient amount of the drug 
is extremely difficult. Nanocarrier-based approaches could hold an answer to the said shortcomings owing to their reduced 
size, targeting tunability and site specificity. In this article, we discuss the pathophysiology of osteoarthritis, molecular 
targets, and utilization of nanocarrier-based approaches to strategize the treatment of osteoarthritis in a new direction, i.e. 
topical delivery of nanocarriers in osteoarthritis.
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Introduction

The term ‘osteoarthritis (OA)’ was coined by Archibald 
Edward Garrod in 1890 [1]. It is one of the most disabling 
painful conditions in the world [2]. OA is a prolonged debili-
tating disorder which involves the migration of inflamma-
tory mediators to the synovium. This leads to severe inflam-
mation and gradual loss of the bone and joint cartilage. OA  
is prevalent in the elderly and the most frequent sites influ-
enced include knees, hips, spine, feet and hands [3]. The 
incidence of OA upsurges with age; however, women are 
more prone compared to men [4]. The world witnessed about 
303.1 million cases of hip and knee OA since 2017 [5]. The 
pooled global pervasiveness of knee OA was 16.0% (95% 
CI, 14.3%–17.8%) in individuals with age 15 and above and 
was 22.9% (95% CI, 19.8%–26.1%) in individuals aged 40 
and above. Correspondingly, there are approximately 654.1 
(95% CI, 565.6–745.6) million people (40 years and elder) 
with knee OA in 2020 [6, 7]. Figure 1 demonstrates the 
prevalence of OA across various continents throughout the 
globe [8, 9].

Key summary points 
• Osteoarthritis is a physically debilitating disease that 

predominantly affect around one in every 30 people and a total 
of 190 million worldwide.

• It is a degenerative joint disorder primarily affecting cartilage 
due to an imbalance in biomechanical and metabolic factors.

• Current pharmacologic treatment options primarily consist 
of non-steroidal anti-inflammatory drugs with associated 
undesirable side effects and poor patient compliance which have 
led physicians to search for alternative treatment modalities.

• Disease-modifying drugs, drug repurposing, and topical nano-
carriers present potential therapeutic avenues to bypass the 
loopholes associated with the conventional therapies for the 
treatment of osteoarthritis.
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To date, there is no cure for OA; hence, symptomatic 
treatments are available to alleviate pain and inflammation. 
Symptomatic treatment alternatives used for OA include 
non-steroidal anti-inflammatory drugs (NSAIDs) like ibu-
profen, diclofenac, and naproxen along with COX (cyclooxy-
genase) inhibitors like celecoxib, etoricoxib and parecoxib 
[10]. Acetaminophen is recognized as first-line therapy by 
the American College of Rheumatology owing to its minimal 
adverse effects. Intra-articular injections containing cor-
ticosteroids and hyaluronic acid (Hyalgan®) have also dem-
onstrated efficacy in providing symptomatic relief [11]. Apart  
from chemotherapy, several non-medicinal and non-surgical 
interventions including physical therapy, acupuncture and chi-
ropractic care are available to improve joint function [12, 13]. 
Intra-articular injection of disease-modifying osteoarthritic 
drugs and macromolecules into the joint could improve bio-
availability locally and attenuate systemic toxicity. However, 
they are rapidly cleared from the joint owing to the microvas-
culature surrounding the joint resulting in diminished drug 
action at the bioactive site resulting in poor therapeutic effi-
cacy. Additionally, intra-articular injections succumb extreme 
pain during weekly dosing intervals and could lead to sepsis 
if appropriate precaution is not taken [14]. Table 1 shows 
the current treatment options for OA. Since the therapy for 
OA continues for a prolonged duration, intra-articular injec-
tions prove to be highly patient non-compliant. Topical drug 
delivery could prove to be a safer option for patients since 
unwanted gastrointestinal, cardiovascular and renal adverse 
effects associated with oral delivery could be evaded [15]. 
However, the drug permeation across the transdermal route 
becomes questionable. Highly lipophilic and hydrophilic 
molecules are not amenable to be delivered across the skin 
layers to the synovium. Additionally, the cytochrome P450 
(CYP450) enzymes residing in the skin actively metabolize 
the drug moieties which diminishes their efficacy. To cir-
cumvent these pitfalls, incorporation of therapeutic moie-
ties within the nanoparticulate matrix could lead to superior 
therapeutic efficacy when administered via the topical route. 

Nanotechnology-based medicine could hold the key to travers-
ing the skin barrier, targeting the synovium and surpassing 
the obstacles of the current therapy [16]. Through this article, 
we emphasize the pathophysiology and different molecular 
signalling pathways controlling OA, drug repurposing and 
topical nano-medicine-based strategies as a new direction in 
OA therapy. Figure 2 depicts the physiological changes in the 
joints of OA patients.

Pathophysiology and molecular signalling 
cascades

OA is a biomechanical chronic insidious disorder residing 
within the cartilage and subchondral bone which influ-
ences the entire joint function [20]. Complex pathological  
changes within the chondrocyte matrix are a major hallmark 
in OA [21]. OA could be divided into primary and second-
ary OA. Primary OA is idiopathic in nature, whereas sec-
ondary OA possesses numerous reasons such as congenital 
abnormalities, trauma and inflammatory arthropathies [22]. 
During the initial stages, chondrocyte injury occurs attrib-
uted to pre-disposing genetic and biochemical factors and 
ageing. leading to mechanical wear and tear. In early OA,  
enhanced proliferation of chondrocytes results in higher 
levels of matrix metalloproteinase (MMP) and inflamma-
tory mediators such as collagenases, proteases and proteo-
glycans (PG) [23]. This results in matrix restructuring and 
secondary inflammatory changes in synovial tissues and 
sub-chondral bone. Once mild OA occurs, its progression 
is inevitable. During the later stages of OA, chronic injury 
and inflammation lead to chondrocyte dropout [24]. Chon-
drocyte proliferation causes swelling and cleaves collagen-2 
fibres, fissures and clefts at the articular surface (cartilage) 
which finally leads to chondrocytes death. When this carti-
lage sloughs off, sub-chondral bone transforms into the new 
articular surface. This causes increased friction resulting in 
sclerosis of cancellous bone and forms bone spurs called 
osteophytes [25]. Tissue macrophages are activated which 

Fig. 1  Global prevalence of osteoarthritis across various continents

Table 1  Current treatment options for OA [17–19]

Route of administration Drug class Common dosage forms

Oral NSAIDs Tablets, capsules
Opioid analgesics
Corticosteroids
Serotonin reuptake 

inhibitors (SNRIs)
Intra-articular Corticosteroids Injection

Hyaluronic acid
Topicals Capsaicin Cream, gel, solutions

NSAIDs
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further promotes stimulation of inflammatory cytokines  
like interleukin (IL)-1B and tumour necrosis factor 
(TNF)-ɑ, IL-6 [26, 27]. IL-1 and IL-6 trigger mononuclear 
precursor differentiation in osteoclasts and stimulate bone 
resorption in osteoclasts via the receptor-activator of NF-κβ 
ligand (RANKL), which has a catabolic effect on bone. By 
enhancing the surface expression of TNF receptor (TNFR) 
in chondrocytes, IL-1 has a significant role in the onset and 
progression of OA [28]. In bone remodelling, TNF induces 
indirect osteoclast activation through RANKL. RANKL is 
the most important cytokine in transforming osteoclasts into 
mature multinucleated osteoclasts [29]. During inflamma-
tion, bone macrophages fuse and proliferate into multinu-
cleated cells. M-CSF (macrophage colony-stimulating fac-
tor) has been shown to promote macrophage proliferation 
and differentiation. RANKL stimulates osteoclast prolifera-
tion after being stimulated by M-CSF. Multinucleated giant 
cells originating from RANKL-induced fusion-competent 
osteoclasts develop to form multinucleated osteoclasts or 
giant cell. NF-κβ signalling pathway is stimulated when 
catabolic factors like TNF-α or IL-1 are activated. The 
transcription factor NF-κβ is associated with joint inflam-
mation and tissue degradation. NF-κβ signalling pathway 
downregulates chondrocyte anabolism concomitantly trig-
gering metalloproteinases (specifically MMP-1, MMP-3 
and MMP-13 in OA) and a dis-integrin and metalloprotein-
ase with thrombospondin motifs (ADAMTS) specifically 
ADAMTS4 and ADAMTS5, which results in destruction 
of articular cartilage. Matrix metalloproteases (MMPs), 
also known as matrixins, are zinc-dependent endopepti-
dases which control the composition of the cell matrix and 
are thought to be the main proteases responsible for the 

degradation of all extracellular matrix (ECM) components 
[30]. Since they are rate-limiting in the phase of collagen 
annihilation, MMP-1 and MMP-13 play a major role in OA. 
Synovial cells that line the joints produce MMP-1 while 
chondrocytes in the cartilage produce MMP-13. MMP-13 
also destroys proteoglycans and thus serves a dual function 
in matrix degradation. Other MMP enzymes like MMP- 
2, MMP-3 and MMP-9 deteriorate non-collagen matrix 
components which worsen the osteoarthritic condition of 
the joint [31]. Transcriptional activity of nuclear factor 
(NF)-κβ results in inducible nitric oxide synthase (iNOS) 
overexpression and enhanced NO release along with the 
expression of matrix-degrading proteinases (MMP) [32]. 
NO produced by iNOS adds to the progression of OA by 
altering ECM homeostasis by enhancing MMP activity 
and inhibiting aggrecan and collagen biosynthesis [32]. 
Vascular endothelial growth factor (VEGF) is also linked 
with OA. VEGF and E-selectin together with inflamma-
tory cytokines will promote inflammatory process. Mito-
chondrial failure in chondrocytes which is associated with 
decreased activated protein kinase (AMPKα), peroxisome 
proliferator-activated receptor γ coactivator 1α (PGC-1α), 
sirtuin-1 (SIRT-1), nuclear respiratory factor-1 (NRF-1), 
nuclear respiratory factor-2 (NRF-2) and mitochondrial 
transcriptional factor A (TFAM) activity also plays a promi-
nent role in OA progression [33].

OA is regulated by several other pathways which include 
Wnt/β-catenin signalling, PI3K/Akt/mTOR pathway, notch 
signalling pathway, SIRT1/AMPK pathway, hippo pathway-
YAP/TAZ signalling and disruption of telomeric silencing 
1-like (DOTIL). The involvement of these pathways in 
induction and development of OA is depicted in Fig. 3.

Fig. 2  Illustration depicting 
physiological changes in OA
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Recent advancements in nanocarrier‑based 
topical delivery for the management of OA

The attributes and pitfalls associated with the intra-articular 
route have been discussed in detail in the previous sections. 
Certain attributes like target specificity and drug availabil-
ity at the arthritic site make this route desirable for patient 
therapy. However, the pain associated with the need for fre-
quent administration, rapid clearance of drugs, cost, high 
probability of sepsis, etc. reduces its popularity during long-
term treatment of OA patients. Therefore, there is a need to 

find an alternative route as well as dosage form to circumvent 
the pitfalls associated with the intra-articular route. This is 
achievable by the employment of a topical route in deliver-
ing the drug across the skin layers to reach the chondrocytes. 
However, adequate penetration of drugs into the chondro-
cytes traversing various layers of the skin is another challenge 
altogether. Nanocarrier-based topical delivery systems could 
be tuned to possess target specificity, prolong drug action, 
limit drug clearance, circumvent the pain associated with 
intra-articular injections, etc. [34]. Figure 4 depicts various 
topical nano-medicine-based strategies for OA treatment.

Fig. 3  Molecular pathways responsible for OA progression
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Microemulsion

Microemulsions are translucent ternary systems consisting of 
oil, surfactant and cosurfactant with droplet diameters rang-
ing from 10 to 100 nm [35]. Microemulsions have several 
advantages like enhanced solubility and dissolution rate, ther-
modynamic stability, increased skin permeation and biocom-
patibility [36]. One of the strategies to administer the drug 
topically at the targeted site, i.e. chondrocytes, includes the 
incorporation of microemulsion within a hydrogel matrix. To 
impart site specificity, stimuli-responsive hydrogel matrices 
which release the entrapped microemulsion in response to pH, 
temperature, redox, etc. at the OA site could be used. Com-
pared to traditional systems, it is thermodynamically more 
stable and hence possesses prolonged stability and shelf life 
[37]. These attributes could harness the clinical translation 
potential of microemulsions [38]. Hu and co-workers found 
that the amount of 3,5,4′-trimethoxy-trans-stilbene (BTM) 
permeation across skin layers was substantially increased 
by both microemulsion and microemulsion-based hydrogel 
formulations compared to free drug. For microemulsion and 
microemulsion-based hydrogel formulations, the total amount 
of BTM permeated after 12 h was 3.25 and 1.96 times greater 
than that of emulsion gel (EG). In a rabbit model of papain-
induced OA, topical delivery of BTM microemulsion-based 
hydrogel (BTM-MBH) displayed a significant anti-OA effect, 
with reduced levels of pro-inflammatory cytokines. After 

treatment with BTM-MBH for 4 weeks, 1% BTM-MBH 
showed maximum reduction in TNF-α and IL-1β compared 
to 0.5% BTM-MBH, 1% BTM-EG, and 1% diclofenac gel 
treatment groups. Owing to the higher skin permeability of 
the microemulsion, symptomatic relief was better in the case 
of BTM microemulsion-based hydrogel than BTM emulsion-
loaded gel [39]. Ibuprofen, a NSAID, is highly efficient in 
the management of OA. To decrease the adverse effects and 
circumvent its extensive first-pass metabolism, ibuprofen was 
incorporated into various microemulsions and the ability of 
different microemulsions to deliver ibuprofen across the skin 
was investigated. In vitro permeation study revealed that 
microemulsions improved the permeation rate of ibuprofen 
from 5.72–30.0-fold compared to plain drug saturated solu-
tion. However, further studies are required to prove its efficacy 
[40]. Goindi and co-workers formulated tenoxicam (TNX) 
microemulsion-based hydrogel for the treatment of arthritis. 
Ex vivo permeation study indicated superior skin permea-
tion of tenoxicam microemulsion (64.647 ± 0.97% (TNX 03) 
and 70.829 ± 0.84% (TNX 04)) compared to conventional 
cream (27.972 ± 0.81% (TNX 01)) and aqueous suspension 
(7.31 ± 0.63% (TNX 02)). Amongst the two microemulsions, 
TNX 04 showed better permeation which might be associ-
ated with the combined action of oleic acid and ethanol. TNX 
03 retention was found to be 11.429 ± 0.399%, which was 
4.6-fold greater than TNX 01 (2.469 ± 0.24%) and 11.5-fold 
greater than TNX 02 (0.988 ± 0.18%). TNX04, on the other 

Fig. 4  Topical nano-medicine 
strategies for OA treatment

535Drug Delivery and Translational Research (2023) 13:531–546



1 3

hand, showed skin retention of 13.551 ± 0.25%, which was 
5.5 times that of the traditional cream TNX 01 and 13.7 times 
that of TNX 02. Skin retention was also remarkably higher 
in microemulsions as compared to conventional cream and 
suspension. Additionally, anti-inflammatory efficacy using air 
pouch model was studied. Microemulsions TNX 03 and TNX 
04 were found to be more effective than traditional topical 
formulations, with potency equal to that of oral dosage forms. 
In carrageenan-induced hind paw oedema in rats, TNX 03 
and TNX 04, inhibited oedema significantly, with 64.54% and 
67.89% inhibition compared to 21.57% and 6.31% inhibition 
with TNX 01 and TNX02, respectively. Amelioration in skin 
permeation could lead to greater drug accumulation within 
the chondrocytes leading to superior therapeutic activity cir-
cumventing the pain- and sepsis-associated adverse effects of 
the intra-articular route [41]. Self-emulsifying systems based 
on topical hydrogels have shown promising activity in topi-
cal disorders like cutaneous leishmaniasis [42] and antiaging 
[43] but have not been explored in osteoarthritis. Researchers 
could extrapolate and claim an advantage over this approach 
as a novel futuristic avenue in osteoarthritic drug delivery.

Liposomes

Liposomes consist of vesicles consisting of one or more 
concentrically arranged lipid bilayers containing an aqueous 
core. Hydrophilic entities could be incorporated in the aque-
ous core while hydrophobic entities are localized within 
the phospholipid bilayer [44]. Liposomes are preferred 
in topical administration as they are easily absorbed into 
the skin for local action, thus preventing side effects [45]. 
Concentration of lipid content is responsible for modify-
ing permeability of liposomes via topical route. Liposome 
acts as reservoir and thus can be used for controlled and 
sustained release of drug in topical therapies [44]. In one of 
the studies performed by Frisbie, arthroscopically induced 
OA in horses was treated with diclofenac-loaded liposomal 
cream. Results showed that diclofenac liposomal cream 
had disease-modifying effects. Treatment of horses with 
diclofenac liposomal cream exhibited improved articular 
glycosaminoglycan content, decreased carpal bone scle-
rosis and overall gross cartilage erosion. This formulation 
offered locally improved topical delivery without reaching 
a plasma concentration susceptible to systemic adverse 
effects. In the USA, a topically applied diclofenac liposo-
mal cream has been approved for the treatment of horses 
with OA [46, 47]. In a randomized clinical trial, 30-day 
therapy with Leech saliva extract (LSE) liposomal gel 
relieved the pain by up to 50% and attenuated joint inflam-
mation and stiffness which could be potentially translated 
to humans for the management of OA [48]. A randomized, 

placebo-controlled, double-blind clinical trial of diclofenac 
lipogel in patients with signs and symptoms of OA showed 
significant improvement in the treatment of OA com-
pared to the marketed product Voveran® Emulgel®. The 
diclofenac lipogel showed an improved Western Ontario 
and McMaster Universities Osteoarthritis Index (WOMAC) 
compared to the marketed formulation. Along with efficacy, 
the diclofenac lipogel also showed improved safety due to 
the better tolerability of the formulation in comparison to 
marketed as well as placebo formulation [49].

Transfersomes

Transfersomes are ultra-deformable lipid vesicles consisting 
of an aqueous core surrounded by a lipid bilayer introduced 
by Gregor Cevc in 1990. Transfersomes are more amenable 
to the transport of therapeutic agents across the skin owing 
to their elasticity compared to traditional liposomal vesi-
cles [50]. Enhanced flexibility imparted by edge activators, 
render relative ease to squeeze out through the pores in the 
stratum corneum leading to improved penetration of intact 
vesicles. The deformability prevented rupturing of transfer-
somal vesicles while traversing the skin barriers [51]. Edge 
activator/surfactant provides elasticity and permeability to 
lipid bilayer structure [52]. The ability of transfersomes to 
deform and penetrate through deeper layers of skin makes 
them carriers of choice over liposomes and niosomes [53]. 
Rother and co-workers compared ketoprofen-loaded trans-
fersomal gel, placebo and oral celecoxib in treating patients 
with OA. Ketoprofen transfersomes were found to be com-
parable to the oral dose of celecoxib and superior to pla-
cebo in all efficacy outcomes for knee OA. Gastrointestinal 
adverse effects were averted by ketoprofen transfersomal 
gel. In addition, systemic exposure to ketoprofen incorpo-
rated within the transfersomal gel was significantly lower 
than oral administration. Drug molecules are prone to cuta-
neous clearance through the microvasculature once they 
have crossed the stratum corneum layer. Incorporation of 
ketoprofen within transfersomal vesicles shields the drugs 
and prevents their metabolism and clearance by cutaneous 
cytochrome enzymes. Thus, transferosomes loaded gels are 
versatile carriers in significantly improving drug concentra-
tion at the target site [54]. A clinical trial of ketoprofen trans-
fersomal gel (IDEA-033) was carried out in OA patients. 
The results of the clinical trial have shown promising results 
as compared to the marketed conventional gel in terms of 
alleviation of symptoms of OA. The transfersomal gel for-
mulation was withdrawn from the market due to the higher 
cost associated with this formulation as compared to the 
marketed conventional gel [55].
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Cubosomes

Cubosomes are bi-continuous cubic bilayer structured vesicles 
that may contain hydrophobic, hydrophilic and amphiphilic 
molecules for drug delivery [56]. Amphiphilic bilayer has 
the ability to self-assemble in water to form cubosomes in 
presence of stabiliser by crosslinking of hydrophobic domain 
[57]. Cubosomes are thermodynamically stable cubic vesi-
cles with a constrained liquid crystalline phase resembling a 
cavernous (cave-like) structure [58]. Stratum corneum pro-
vides high resistance for topical delivery, but cubosomes, due 
to its bio adhesive property, improve skin permeation thus 
effectively delivering the drug with less irritation [59]. These 
are versatile formulations that can be administered percutane-
ously with the key benefit of supplying and solubilising poor 
water-soluble drugs effectively [60]. Puglia et al. formulated 
curcumin cubosomes and evaluated them for different param-
eters. Topical administration of curcumin in diseases such as 
OA may not be used due to the low solubility and chemical 
instability of curcumin, although it has anti-inflammatory 
efficacy. Hence, curcumin was formulated into two different 
cubosomes using different emulsifiers, viz, pluronic F-127 
(MAD-A) (mono-olein aqueous dispersion) and sodium 
cholate-sodium caseinate (MAD-B). Curcumin cubosomes 
showed more than 98% entrapment efficiency using the 
emulsifier Poloxamer-407. Curcumin-loaded cubosomes con-
taining pluronic F-127 were found to be stable and retarded 
degradation of curcumin over time. MAD-B which consisted 
of sodium cholate-sodium caseinate as an emulsifier was com-
paratively less stable and possessed lower shelf life due to 
presence of mixture of different vesicles and hexosomes. T1/2 
values for MAD-A and MAD-B are approximately 2 years 
and nearly 10 months, respectively. However, both MAD-A 
and MAD-B showed similar AAPH (2,2′-azobis (2-methyl 
propionamide) dihydrochloride) scavenging activity as well 
as iNOS (inducible nitric oxide synthase) and COX-2 inhibi-
tion activity than curcumin alone. This is linked to ability 
of MAD-A and MAD-B to react more rapidly with AAPH 
to form dimers. Incorporation of curcumin into cubosomes 
also extended its anti-inflammatory activity and is capable of 
controlled drug diffusion via skin [61]. Elakkad et al. prepared 
tenoxicm-loaded hyalcubosomes. The formulation showed 
improved anti-inflammatory activity in rats. The preliminary 
clinical study in patients with knee osteoarthritis showed the 
safety and efficacy of the developed formulation through the 
treatment period of eight weeks [62]. Based on the key find-
ings above, cubosomes can be used as a highly promising 
nanocarrier for the treatment of OA.

Sequessome

Sequessome is a phospholipid bilayer vesicle free of drugs 
with an ultra-deformable functionality [63]. They are 

capable of entering synovial space via topical route. TDT-
064 is a phospholipid bilayer aqueous gel which is used in 
the management of OA topically [63]. Sequessome possesses 
bio-lubricant activity; hence, its use in topical therapy for 
management of OA has led to interest in these nanocarriers. 
Due to their comparatively large size, these ultra-deformable 
phospholipid vesicular systems cannot be cleared by cutane-
ous blood microcirculation [64]. They are transferred and 
penetrated into deeper tissues below the application site with 
the interstitial fluid [65]. For patients with comorbidities 
like GI disorder, cardiovascular diseases, diabetes, hyperten-
sion, renal diseases and hepatic diseases, which make them 
liable to the adverse effects of NSAIDs and put them at risk, 
TDT-064 is a possible drug-free therapy of choice promoting 
its possible use for a large group of OA patients [66]. In a 
randomized clinical trial, the WOMAC subscales for pain, 
work and stiffness demonstrated progressive and clinically 
meaningful changes in patients treated with 2.2 g or 4.4 g 
of TDT-064 for 12 weeks, equivalent in magnitude to those 
found in patients receiving topical IDEA-033 (ketoprofen 
transferosomal gel) and oral celecoxib [67, 68].

Solid lipid nanoparticles

Solid lipid nanoparticles (SLN) are colloidal nanocarriers 
that incorporate solid biodegradable lipid within the 
matrix surrounded by stabilising surfactant [69]. SLN 
offer controlled drug release and enhanced stability by 
preventing degradation of active moiety incorporated [70]. 
The excipients used in the preparation of SLN comply 
with generally regarded as safe (GRAS) status [71]. Film 
formation on the skin imparts an occlusive character to the 
skin by preventing transdermal water loss and enhancing 
skin hydration. High loading drug capacity, good patient 
compliance and local action enhancing efficacy are the 
main advantages of SLN topical drug delivery systems [72]. 
Piroxicam is a widely used NSAID which may be used in 
the treatment of OA, but it is known to have GI side effects 
and cardiovascular risks when taken orally and intravenously 
[73]. Mohammadi and colleagues studied the percutaneous 
penetration of piroxicam-loaded SLN gel in comparison with 
the commercial gel. In vitro permeation study revealed that 
piroxicam-loaded SLN incorporated into gel formulation 
displayed about 148% greater permeation than commercial 
gel. But enhancement in in vivo anti-OA activity was not 
explored. The potential application of SLN as a versatile 
carrier for OA treatment is yet to be explored.

Nanostructured lipid carriers

Nanostructured lipid carriers (NLC) are second generation 
of lipid nanoparticles comprising a mixture of solid and 
liquid lipids integrated into a surfactant stabilised aqueous 
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solution and has been identified lately in 1990s [74]. The 
lipid matrices utilized in NLC preparation are derived from 
the human body and possess GRAS suggesting augmented 
biocompatibility [75]. They inherit certain attributes like 
sustained release profile, versatile carrier for hydrophilic  
drugs to enhance their transdermal permeation, biocompat-
ibility, etc. The presence of liquid lipid increases membrane  
fluidity and improves skin permeation compared to SLN 
[76]. When the liquid lipid is incorporated into the nano-
particulate matrix, amount of imperfections in the solid core 
matrix increase, leading to reduction in crystallinity thereby 
promoting enhanced drug loading and preventing drug leak-
age [77]. NLC modify intercellular packaging and reduce the 
packaging between the corneocytes, leading to an increased 
inter-corneocyte space that enables deeper drug penetration 
into the skin. On topical application, NLC forms a mon-
olayer film responsible for the occlusion effect, preventing 
water from evaporating from the skin, increasing skin hydra-
tion, resulting in better penetration. At 35% crystallinity, an 
efficient occlusive effect is observed [78]. Solid to liquid  
lipid proportion ratio, concentration and stabiliser composi-
tion affect the NLC particle size and surface charge. Kaur 
et al. formulated diflunisal-loaded lipid-based nanocarriers 
(DIF SLN) and evaluated its anti-inflammatory action in 
three different in vivo models. Compared with traditional 
cream, the findings of all three models showed substan-
tially improved anti-inflammatory efficacy with DIF SLN 
gel. The anti-inflammatory activity was 2.3-fold greater in 
the carrageenan-induced paw oedema model compared to  
the conventional cream. In contrast with the traditional oral 
dosage, higher therapeutic efficacy was observed at a much 
lower dose. The unique nano-scaled architect of NLC as well 
as the occlusive effect on the skin increases its permeation 
into deeper layers of the skin,justifying better efficacy by the 
topical route [79]. Thus, the results indicate superior thera-
peutic potential for NLC with enhanced efficacy, safety and 
compliance projecting its use in the near future.

Safety and tolerability of topical 
nanocarriers

Several studies have been reported on the toxicity of nano-
materials over the past few years. Topical nanocarriers have 
been investigated over a decade and proven to offer several 
advantages over other drug delivery platforms [80]. However, 
tremendous increase in the use of nanoformulations requires 
the establishment of safety for their clinical use. Toxicity of 
nanoformulations differs for different nanomaterials depend-
ing upon their origin, i.e. lipid, polymer or metal-based [81]. 
Nanometrology becomes more complex for dynamic nano-
scale systems owing to their reduced size which renders 
alterations in physicochemical attributes [82]. Topical route 

is advantageous in diminishing the systemic adverse effects. 
Employment of GRAS excipients could help in circumvent-
ing the safety considerations. Safety and tolerability could be 
established by investigating the presence of signs of skin irrita-
tion after 4 h of application of the formulation [83]. Aspects 
influencing the skin irritation potential include the amount of 
drug, skin permeation rate, residence time and frequency of 
administration [84]. For topical delivery, non-ionic surfactants 
are relatively a safer choice owing to their reduced sensitiza-
tion potential. Draize test is widely used to assess skin irri-
tation potential. The formulation is applied on shaved rabbit 
skin checked for oedema/erythema after 1, 24, 48 and 78 h 
with the help of scoring [78]. Cell lines like human keratino-
cytes (HaCaT) [85], human foreskin fibroblast (HFF) cell line 
[86] and L-929 cells (mouse fibroblasts) could also be used to 
determine the safety and tolerability of the formulation. Repeat 
insult patch tests for 24 h and 48 h or cumulative 21-day irri-
tation examination could also be used to prove safety of the 
formulation topically [87]. The reconstructed human epithe-
lium models (RhE) have been found to be the most popular 
model for the evaluation of in vitro skin irritation potential 
of topical formulations. There are various RhE models which 
have been accepted by OECD TG 439 including EpiDerm™, 
EpiSkin™, Keraskin™, LabCyte EPI-MODEL24 SIT and 
SkinEthic™ [88].

Current clinical trials for topical delivery

The clinical significance of the application of topical route in 
OA management has attracted researchers’ attention across 
the globe. Currently, only one nanocarrier-based clinical trial 
comprising of establishing safety and efficacy of treatment 
with 3% Diclofenac nanoemulsion cream versus placebo in 
patients with knee OA has been carried out (NCT00484120). 
This study included a total of 126 subjects randomized to 
receive either a 3% diclofenac nanoemulsion cream or a pla-
cebo cream respectively. This step could pose as a dawn of 
application of nanotechnology as carriers in topical delivery 
for OA. Various other ongoing trials on topical delivery plat-
forms have been displayed in Table 2.

Barriers to clinical translation 
of nanocarrier‑based topical delivery

The advantages associated with the nanocarrier-based drug 
delivery systems include nanometric size and site-specific 
delivery with programmed release have made their path to 
the market. However, these drug delivery systems still face 
certain hindrances to get into the marketplace and reach 
the patients in need. The challenges are mainly associated 
with stability considerations, complex structural charac-
terizations, circumvention of physiological barriers, safety 
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concerns, scalability and technology transfer obstacles 
accompanied by regulatory expectations which decelerate 
the clinical translation of nanocarriers. These can be divided 
into four categories namely formulation and scale-up chal-
lenges, regulatory challenges, poor understanding of per-
meation mechanisms and safety concerns.

The primary challenge faced by nanocarrier formulation 
is reproducibility followed by another bigger challenge as 
scalability at the industrial level under good manufacturing 
practice (GMP) environment [89]. Critical quality attrib-
utes (CQAs) which include particle size, shape, drug load-
ing, crystallinity, release and surface functionality (charge, 
hydrophobicity, hydrophilicity) significantly influence the 
quality target product profile attributed to its susceptibility 
towards diminutive changes in the formulation parameters 
thereby affecting its efficacy. Apart from reproducibility, 
scale-up is one of the biggest challenges faced by the com-
mercial development of nanocarrier-based formulations 
[90]. The laboratory-level development and optimization of 
these formulations can be achieved relatively easily while 

large-scale development faces several issues. As compared 
to already established conventional dosage forms, nanocar-
rier drug delivery systems have less probability of technol-
ogy transfer from lab to pilot to large scale.

The majority of the approaches followed for the manu-
facturing of nanocarriers include bottom-up and top-down 
approaches. In bottom-up approach, the formulation begins 
with the dissolution of molecules and then precipitation of 
nanocarriers while the top-down approach involves size 
reduction of large drug molecules into smaller ones [91]. 
The bottom-up approach involves the use of organic solvent 
for the nanoprecipitation and traces of the removal of these 
organic solvents is a challenging process owing to its time 
consumption and elevated cost by introduction of solvent 
removal step. Therefore, this method is less popular on the 
industrial scale [92]. Very few studies have been reported 
for development of nanocarriers from lab scale to scale up 
with the use of a bottom-up approach. One of the examples 
includes the preparation of ibuprofen nanoparticles from lab 
scale to pilot scale development (batch size from 6 mL to 

Table 2  Topical formulations under clinical trials for treatment of OA

Sr. no. Formulation Phase NCT number

1 Drug: ibuprofen
10% ibuprofen cream formulation at a dose of 200 mg

Phase 2 NCT01496326

2 Drug: multiprofen
A multimodal topical cream treatment with Ketoprofen, Baclofen, Amitriptyline and 

lidocaine in a carrier gel

Phase 2
Phase 3

NCT03199417

3 Drug: capsaicin
Topical Solution (0.25%)

Phase 4 NCT03124407

4 Menthol 4% topical gel Phase 2
Phase 3

NCT04351594

5 Plai cream: Cream from Zingiber cassumunar Roxb. extract Phase 2
Phase 3

NCT01794260

6 VersaPro cream:—contains the following: diclofenac 3%, baclofen 2%, orphenadrine 
citrate 5%, and bupivacaine 2%

Early Phase 1 NCT02485145

7 Drug: Diclofenac
Diclofenac sodium gel 1%

Phase 3 NCT00171652

8 Drug: Etoricoxib
Etoricoxib 163 mg 4% DMSO gel
Etoricoxib 150 mg 4% DMSO gel
Etoricoxib 75 mg 4% DMSO gel
Etoricoxib 50 mg 4% DMSO gel

Phase 1
Phase 2

NCT01980940

9 Drug: piroxicam
Olive oil with piroxicam gel

Phase 2 NCT00670475

10 Drug: diclofenac
TDS-943 (topical diclofenac sodium 4% spray) 40 mg bid

Phase 3 NCT00546507

11 Plavina cream (14% of Plai) Phase 3 NCT01836393
12 Drug: diclofenac PENNSAID Gel (diclofenac sodium 2.0% w/w) Phase 2 NCT01119898
13 0.0125% capsaicin gel “CAPSIKA gel” Phase 3 NCT00471055
14 Transdermal glucosamine cream (10% w/w of glucosamine sulphate) Phase 4 NCT03743896
15 Drug: OLT1177 Gel Phase 2 NCT01768975
16 Drug: 3VM1001 active Phase 1

Phase 2
NCT03142178
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1.5 L). Ibuprofen nanoparticles were prepared with the help 
of salting out, emulsification-diffusion and nanoprecipita-
tion methods. The nanoparticles were prepared by using 
Eudragit® L100-55 as a polymer while poly (vinyl alcohol) 
as an emulsifying agent. The nanoparticles have been found 
to be reproduced at both lab as well as pilot scales but there 
was a slight decrease in the particle size and drug loading at 
the pilot scale [93].

The manufacturing as well as characterization of nano-
carriers are difficult to predict during scale-up as these are 
affected by properties of raw material attributes and pro-
cessing conditions. The process analytical technology (PAT) 
can be a useful technique in order to monitor the quality 
of the product [94]. The application of PAT techniques for 
the manufacturing process has been encouraged by FDA in 
order to obtain real-time data and build quality assurance 
[95]. PAT can provide guidance regarding the optimization 
and scale-up of the manufacturing processes along with the 
information about CQAs in order to improve the finished 
product quality. Along with PAT, QbD and multi-variate 
statistical tools could help overcome scalability-associated 
challenges. Knowledge of the design space, desirability,  
predictability and efficient control over the experimental 
factors and interrelationships could be beneficial in lab to 
large-scale production transition [96].

Due to the benefits associated with nanocarrier-based drug 
delivery systems, the amount of research is going on in this 
field and some of the products are also entering clinical trials 
[97]. But these products need to meet the criteria assigned 
by regulatory bodies with respect to their safety and efficacy. 
According to regulatory guidelines, the active pharmaceuti-
cal ingredient present in nanocarrier represents specifications 
that need to be analysed for the regulatory approval process 
[98]. In the case of biological-based active molecules such as 
antibodies, proteins and peptides, the innovator has to follow 
the regulations specified for the biological medicinal prod-
ucts along with regulations mentioned for new chemical enti-
ties [99]. The United States Food and Drug Administration 
(US-FDA) and the European Medical Agency (EMA) have 
approved various nanocarrier-based drug products to date. 
However, a proper regulatory guidance related to the charac-
terization of nanocarrier-based drug delivery systems is still 
lacking [100]. Currently, these products are getting approved 
based on a conventional basis. Because of the complex nature 
of these drug delivery systems, it is necessary to evaluate 
their safety and toxicity and this becomes one of the hurdles 
in the regulatory approval process [99]. In our previous arti-
cle, we have emphasized the applications of the 505(b)(2) 
pathway and various ways to overcome the regulatory hurdles 
with the help of nanotechnology-based approaches [101].

Apart from lacunae associated with the current guid-
ance, certain steps taken by regulatory authorities such as 
the definition of nanomaterials given by FDA guidance, 

“considering whether an FDA-regulated product involves the 
application of nanotechnology” [102], along with collabo-
ration of FDA and the European Technology Platform on 
Nanocarrier (ETPN) with the Nanotechnology Characteriza-
tion Laboratory (NCL) and European Nano-Characterization 
Laboratory (EUNCL) respectively in order to encourage the 
regulatory review and in-depth characterization of nanocar-
rier products represents the positive side of it [103].

Another concern is the cost associated with the develop-
ment and manufacturing of nanocarriers. The additional cost 
is required for the development of nanocarriers including raw 
materials and regulations which is about 15% higher than 
the conventional medication [104]. However, cost–benefit 
analysis is another criterion which is required to be taken 
into consideration towards the patient. The balance of cost 
and benefit inclines towards the benefit for disabling and fatal 
diseases like osteoarthritis and cancer. Hence, nanomedicine-
based strategies could prove to be fruitful even with 15% 
greater costs. The research carried out by Tufts Center for the 
study of drug development has reported that for the profit of 
nanocarriers without considering advertising and marketing 
expenses there is a need for around 2870 million US$. The 
cost for the development of an approved product is estimated 
at $1395 million out of which the cost for a clinical trial esti-
mates at about $1012–1744 million. As the product develop-
ment requires a long time until it gets marketed therefore by 
reducing the cost due to the patent expiration, inflation and 
discount rates, then the total costs are found to be around 
$2558 million [105].

Before entering the market pharmaceutical products have  
to go through rigorous trials including preclinical and clini-
cal to prove their safety and efficacy. Along with safety and 
efficacy, it also requires a proper understanding of phar-
macokinetic parameters of the products. These in  vivo 
evaluations of pharmacokinetics, efficacy and toxicity are 
expensive. Even though there are in vitro alternatives avail-
able for in vivo experimentation, it is very difficult to rec-
reate in vivo conditions due to complexities. For example, 
in vitro cell culture models do not involve biological fluid 
flow which influences adsorption and endocytosis dynam-
ics compared to newer models which further alter activity 
[105]. Therefore, it is necessary to evaluate pharmacoki-
netic, efficacy and toxicity studies by developing various 
animal models which can mimic human body conditions. 
Apart from in vivo experimentation, microfluidic technol-
ogy also mimics fluid flow conditions and has much poten-
tial in the clinical translation of nanocarriers from lab scale 
[106]. The physicochemical properties of nanocarriers are 
affected by small changes in formulation parameters thereby 
altering their absorption, distribution, metabolism and excre-
tion (ADME), safety and efficacy profile. These properties 
include particle size distribution, shape and surface charge 
are primarily important. The nanocarriers are reactive due to 
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their particle size in nano-range and high surface-to-volume 
ratio and can alter the therapeutic effect due to their interac-
tion with the biological surfaces. Small-size nanocarriers are 
eliminated by renal excretion while larger sized nanocarriers 
are taken up by mononuclear phagocytic cells [107].

One of the concerns for the topical delivery of nanocarri-
ers for OA is the amount of drug reaching the required site of 
action. The permeability of nanocarriers to reach the deeper 
layers of skin through topical route still remain a challenge. 
Certain authors have suggested the use of microneedles 
before applying topical formulation. They have found the 
increase in permeation of drug through the skin for the first 
hour due to the formation of micropores into the skin. But 
it was observed to decrease during an extended duration of 
time [108]. The reason behind the decrease in the permea-
tion in the deeper layers of skin is due to the resealing of the 
pores within 2 h after the application of microneedles [109].

It is necessary to evaluate the efficacy of the formula-
tions either in vivo or in vitro models which mimic the bone 
microenvironment in order to warrant the clinical translation 
of these nanocarriers. To mimic the bone microenvironment 
is itself a challenging task due to the complexity of structural 
features. The widely used tool to mimic the bone microenvi-
ronment is use of 2D cell culture models such as traditional 
cell culture models, sandwich culture, micro-patterning and 
altering substrate stiffness. The growing knowledge in the 
field of bone and tissue engineering showed that 2D cell 
culture models fail to mimic in vivo conditions due to the 
presence of complex matrix surrounding the bone cells. In 
contrast to 2D models, 3D cell culture models can mimic 
more complex structural features of bone cells. They also 
have certain advantages compared with 2D cell cultures such 
as high stability, long lifespan, less altered genotype and 
maintenance of their original shape. The 3D models include 
spheroids, cell sheets, scaffolds, hydrogels, bioreactors and 
microfluidics [110].

Another reason for the immune response involves the 
formation of protein corona on the surface of nanocarriers 
due to the interaction of proteins with surface of nanocarri-
ers. The nanocarrier properties such as particle size, shape 
and surface characteristics affect the protein corona forma-
tion. The formation of protein corona not only alters the 
immune response but also affects properties of nanocarrier, 
cell uptake, biodegradation, targeting capabilities, toxicity 
and clearance. Therefore, a complete understanding of pro-
tein corona formation is necessary for the development of 
nanocarriers in order to obtain desired therapeutic measures 
[111]. Ways to reduce the protein corona over the surface 
of nanocarriers include charge neutralization [112], surface 
hydrophilicity [113] and recruitment of specific proteins by 
surface coating over the nanocarriers [114].

Some studies have shown that nanocarriers can stimulate 
certain cellular organelles or biomolecules such as enzymes, 

proteins and polysaccharides which [112] further lead to 
unfavourable biological interactions. One of the concerns 
while delivering the nanocarriers through the skin is the 
associated skin reactions/irritations when these nanocarri-
ers come in contact with the skin. These skin irritation tests 
of nanocarriers are generally involved in academic research 
[115]. But there is still lack of data associated with skin irri-
tation after the long-term usage of these nanocarriers [116].

In recent years, nanotoxicology is a growing field of 
research which is leading towards a large amount of data 
generation related to toxicity aspects of nanocarriers [117]. 
However, it is a difficult task to determine the toxicity of 
nanocarriers including in vivo and long-term toxicity. The 
basic understanding of toxicity is mainly achieved by per-
forming preclinical toxicity studies in animal models but it 
lacks the accuracy as well as the data obtained cannot always 
be extrapolated to humans [118]. Apart from in vivo models, 
in vitro toxicity studies are performed in 2D cell culture mod-
els. These models have become obsolete for evaluating the 
toxicity and efficacy of nanocarriers. Nowadays, co-culture 
and 3D spheroids and osteochondral organoids are being 
employed for this purpose owing to their better simulating 
ability towards the cell microenvironment in vitro [119]. 
Recently various skin-on-a-chip platforms have been devel-
oped as an alternative to the animal and cell culture mod-
els in order to evaluate various drug delivery systems. Jeon 
et al. developed a skin-on-chip model which simulates physi-
ological skin irritation. The model consisted of Transwell 
membranes which are sandwiched between patterned poly-
dimethylsiloxane (PDMS) chips. The model mimics three 
layers of the skin including epidermis, dermis and endothelial 
compartments. The model was used to assay the tight junc-
tion ratio in order to evaluate the skin irritation potential of a 
test substance [120]. Kim et al. studied the immune response 
mechanism occurring in the skin with the help of a skin-on-
a-chip platform. In this study, they evaluated the neutrophil 
migration behaviour in response to bacterial infection [121].

For toxicity associated with the skin, normal human skin 
primary cell lines could be used to check the biocompat-
ibility of the proposed nanocarriers. The newer models for 
in vitro toxicity assessment could be used to evaluate target 
cell specificity sparing the normal cells implying high selec-
tivity and enhanced biocompatibility.

As the nanocarriers interact with the cell surface, recep-
tor-mediated endocytosis occurs leading to cell internali-
zation. However, when nanocarriers form aggregates, their 
size increases leading to reduced uptake and an altered 
pharmacokinetic-pharmacodynamic (PK-PD) profile attrib-
uted to reticuloendothelial system uptake and diminished 
pharmacodynamic effect. For instance, the agglomeration of 
nanocarriers increases the particle size and diminishes the 
permeation across the skin layers. This makes dose estima-
tion difficult [122].
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Nanocarriers lead to the production of reactive oxygen 
species thereby causing cytotoxicity and genotoxicity due to 
the small particle size and higher reactive surface area. The 
large surface area causes adsorption of heavy metals onto the 
surface leading to the generation of hydroxyl radicals due to 
catalyzation of various reactions [123]. Moreover, nanocarri-
ers are also associated with environmental safety issues dur-
ing the manufacturing process. Due to the nano-size range, 
these nanocarriers require protection as these carriers can 
permeate through the skin barrier and could additionally be 
responsible for pulmonary and associated systemic toxicities 
[124]. Figure 5 depicts the barriers to the clinical translation 
of nanocarrier-based topical drug delivery.

Conclusion

OA is a chronic condition associated with prolonged pain and 
inflammation at the arthritic site. Since there exists no cure for 
OA, palliative treatment is the only viable alternative. Various 

molecular signalling cascades regulating OA have been high-
lighted in the article. We also discuss disease-modifying anti-
OA drugs along with the advent of drug repurposing in OA. 
Different routes of administration like oral, intravenous and 
intra-articular are available; however, they have their own vir-
tues and vices. Out of all these routes, intra-articular route is the 
most widely used route followed by the oral route. However, 
the pain associated with administration, risk of sepsis, cost and 
need for hospitalization, etc. diminish its patient compliance. 
Topical route across the skin layers to the inflamed chondro-
cyte tissue offers an alternate route devoid of the vices of the 
intra-articular route. The transport of plain drugs across various 
skin layers to the inflamed tissue is highly variable and at times 
inadequate. The efficacy of drug delivery across the topical 
route could be enhanced with the help of nanocarrier-based 
approaches as drug carriers to the bioactive site. Nanocarrier-
based approaches improve PK-PD properties of drugs, prevent 
their clearance, circumvent the pain associated with intra-
articular route, etc. However, limited research has been done 
in this field yet. Through this review, we would like to draw 

Fig. 5  Schematic representation of barriers to the clinical translation of nanocarrier-based topical drug delivery
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the attention of researchers to work in the topical nanocarrier-
based delivery in OA, a novel avenue, and bring new drugs 
for the molecular cascades and clinically translatable nanocar-
riers for topical products advancing the current delivery sys-
tems. As there is lack of evidence-based reports regarding the 
nanocarrier-based topical osteoarthritis therapy having potential 
for tissue repair and regeneration, this represents the futuristic 
approach for researchers.
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