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Abstract
Rheumatoid arthritis (RA) and osteoarthritis (OA) are prevalent chronic health conditions.
However, despite recent advances in medical therapeutics, their treatment still represents an unmet
medical need because of safety and efficacy concerns with currently prescribed drugs.
Accordingly, there is an urgent need to develop and test new drugs for RA and OA that selectively
target inflamed joints thereby mitigating damage to healthy tissues.

Conceivably, biocompatible, biodegradable, disease-modifying antirheumatic nanomedicines
(DMARNs) could represent a promising therapeutic approach for RA and OA. To this end, the
unique physicochemical properties of drug-loaded nanocarriers coupled with pathophysiological
characteristics of inflamed joints amplify bioavailability and bioactivity of DMARNs and promote
their selective targeting to inflamed joints. This, in turn, minimizes the amount of drug required to
control articular inflammation and circumvents collateral damage to healthy tissues. Thus,
nanomedicine could provide selective control both in space and time of the inflammatory process
in affected joints.

However, bringing safe and efficacious DMARNs for RA and OA to the marketplace is
challenging because regulatory agencies have no official definition of nanotechnology, and rules
and definitions for nanomedicines are still being developed. Although existing toxicology tests
may be adequate for most DMARNs, as new toxicity risks and adverse health effects derived from
novel nanomaterials with intended use in humans are identified, additional toxicology tests would
be required. Hence, we propose that detailed pre-clinical in vivo safety assessment of promising
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DMARNs leads for RA and OA, including risks to the general population, must be conducted
before clinical trials begin.
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1. Purpose
The goal of this overview is to provide the practicing physician a sensible insight on the role
nanomedicine could play in improving the long-term outcome of patients with rheumatoid
arthritis (RA) and osteoarthritis (OA), two prevalent chronic health conditions that still
represent unmet medical needs. Given the large volume of published experimental data on
drug-loaded nanoparticles for various indications, target-seeking nanobiotherapeutics in
particular, the focus of this presentation is on systemically administered, safe and efficacious
disease-modifying antirheumatic nanomedicines (DMARNs) that were investigated in
animal models of RA and OA and, thus, could proceed to clinical trials.

1.1. Chronic, non-infectious arthritis
Chronic, non-infectious arthritis encompasses a plethora of inflammatory disorders affecting
the joints. Evidence of arthritis in humans dates back to 4500 BC [1–4]. The most common
forms of chronic, non-infectious arthritis are RA, an autoimmune inflammatory disease, and
OA, a ‘wear and tear’ form of arthritis [1–4]. The cause(s) of RA and OA is still unknown
and there is no cure.

Current therapeutic approaches, including non-steroidal anti-inflammatory drugs (NSAIDs)
and disease-modifying antirheumatic drugs (DMARDs), such as methotrexate (MTX),
monoclonal anti-TNF-α antibodies and other biopharmaceuticals, address predominantly
symptoms and physical disability by reducing articular inflammation and pain [1–5]. By
decreasing local inflammation, progressive joint damage may be slowed as well.
Unfortunately, these treatment modalities are not restorative and often end in total joint
replacement [6,7].

Rheumatoid arthritis and OA are serious national health problems in the USA with more
than 20 million patients having severe limitations in function on a daily basis [1–4].
Consequently, absenteeism and frequent visits to the physician are common among these
patients. To this end, the total annual cost of arthritis to society is estimated at $100 billion
of which almost 50% accounts from lost earnings. Each year, arthritis results in nearly 1
million hospitalizations and approximately 45 million outpatient visits. Importantly, over 1
million joint replacements are performed each year in the USA and European Union
combined [1–4].

Despite recent advances in medical therapeutics, treatment of RA and OA still represents an
unmet medical need because of safety and efficacy concerns with currently prescribed drugs
[8–13]. Withdrawal of certain cyclooxygenase-2 inhibitors from the market due to serious
adverse cardiovascular events illustrates this point [8,9]. Importantly, a large proportion of
patients with RA and OA fail to respond adequately or become refractory to drug therapy
[11,14]. Among patients who respond to DMARDs, long-term use of these drugs to sustain
remission of RA may be associated with serious adverse events, such as development of
tuberculosis, life-threatening fungal infections, lymphomas, liver injury, myelosuppression
and heart failure [1,2,12]. Accordingly, there is an urgent need to develop and test new
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DMARDs for RA and OA that target the inflamed joints yet avoid collateral damage to
healthy tissues [6,7,15].

2. Nanomedicine
Nanomedicine is a nascent branch of nanobiotechnology that exploits and assimilates recent
scientific breakthroughs in nanobiotechnology to prevent, diagnose, treat and cure human
disease [16]. The past two decades have witnessed a dramatic increase in the number of
engineered drug-loaded nanoparticles propelled by the booming nanobiotechnology
industry. Although significant progress has been made, several important shortcomings of
passive and active targeted delivery of nanomedicines to injured tissues have emerged,
including irrational nanoformulation design using complex and potentially toxic
nanomaterials and ligands, absence of concomitant safety and efficacy studies in appropriate
animal models relevant to the clinical indication being sought, administration of novel
nanomedicines as monotherapy rather than incorporating them into existing therapeutic
regimens and insufficient application of theranostics as personalized, nanomedicine-based
therapeutic intervention. Clearly, these issues should be addressed and resolved before novel
nanomedicines are tested in clinical trials.

Accordingly, to streamline a safe and cost-effective bench-to-bedside transition of novel
nanomedicines for RA and OA, we posit that investigators and other stakeholders in the
arthritis arena should conduct animal studies early in the pre-clinical drug development
stage. In these studies, both efficacy and toxicity of lead anti-rheumatic drugs loaded onto
U.S. Food and Drug Administration (FDA)-approved injectable nanocarriers, such as
liposomes, micelles, nanocrystals, nanoparticles, nanotubes and supermagnetic iron oxide
will be determined simultaneously in the same animal groups. Only safe and efficacious
DMARNs thus discovered would then proceed to clinical trials. This approach should
circumvent the need for an exhaustive and costly safety testing of novel nanocarriers that
have not yet been approved for human use by regulatory agencies.

Conceivably, biocompatible, biodegradable, DMARNs, which are comprised of a
nanocarrier/delivery system loaded with therapeutic agent, targeting agent and/or imaging
agent, could represent a promising therapeutic approach to address this challenge [16]. The
unique and versatile physicochemical properties of drug-loaded nanocarriers that work as a
system and are critical to achieve desired therapeutic effect coupled with pathophysiological
characteristics of inflamed joints, such as hyperpermeable (‘leaky’) post-capillary venules
and upregulation of membrane receptors in key local effector cells, amplify bioavailability
and bioactivity of DMARNs and promote their selective targeting to inflamed joints [16–
23]. This, in turn, minimizes the amount of drug required to abate inflammation thereby
mitigating collateral damage to healthy tissues. Although DMARNs must still be injected,
their sustained bioavailability and bioactivity enable long time intervals (months) between
injections. Thus, nanomedicine could provide selective control both in space and time of the
inflammatory process in affected joints.

However, bringing novel, safe and efficacious DMARNs to the marketplace is challenging
because governmental drug regulatory agencies, including U.S. FDA, have no official
definition of nanotechnology, and rules and definitions for nanomedicines are still being
developed [24]. Although existing toxicology tests may be adequate for most DMARNs, as
new toxicity risks derived from nanomaterials with intended use in humans are identified,
such as dendrimers, aptamers and water-soluble fullerene (C60), additional toxicology and
immunological tests would be required in vivo [22,24–29].

This notion is important because, unlike nanomedicines presently approved by U.S. FDA,
injectable DMARNs will be administered repeatedly for a prolonged period of time (years)
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in patients with RA and OA [1–3,16,25]. Hence, detailed pre-clinical in vivo safety
assessment of promising DMARNs leads, including risks to the general population, must be
conducted before clinical trials begin.

3. Nanomedicines in animal models of RA and OA
Several biocompatible DMARNs whose components have been approved by various
regulatory agencies worldwide have been developed and tested in animal models of RA but
less so in OA. To this end, the concept of liposomes as drug nanocarriers to improve the
therapeutic index of anti-rheumatic drugs is very attractive [16,19,23,29].

Liposomes possess great flexibility in terms of composition, physicochemical properties and
ability to accommodate a wide spectrum of drugs. They encapsulate drugs at high loading
efficiency and shield them from external conditions. Surface modifications of liposomes
with biocompatible and biodegradable polymers, such as poly(ethylene glycol) (PEG), can
also be accomplished to improve their target localization by prolonging the circulation time
(passive targeting) and/or by selective ligands, such as RGD peptide and folate, that interact
with their cognate receptors on target cells of interest (active targeting) [16,21,23]. Long-
circulating liposomes evade uptake by the reticuloendothelial system, such as the liver,
spleen and bone marrow, and passively extravasate from hyperpermeable (‘leaky’) post-
capillary venules into the interstitial space of inflamed joints. The encapsulated anti-
rheumatic drug is then released from liposomes by various mechanisms and exert anti-
inflammatory and immunomodulatory effects. The size of these liposomes pre-empt
extravasation through the intact microvacular wall in healthy organs thereby mitigating
adverse events.

Liposomal formulations, including long-circulating (see below), of MTX, glucocorticoids,
NSAIDs and superoxide dismutase, have been tested in experimental models of RA and
have shown improved efficacy and reduced toxicity at lower doses when administered
systemically in comparison to the free drug [16,19,23]. Accordingly, these novel
nanomedicines may be suitable for further testing in patients with RA and OA either alone
or in combination with biologics. However, long-term (years) administration of drug-loaded
liposomes has not been tested so far in humans. Accordingly, their prolonged use in patients
with RA and OA could be challenging because of a complex and expensive manufacturing
process and potentially serious allergic reactions ascribed, in part, to complement activation
[16].

To begin to address these apparent limitations, Koo et al. [17] devised a distinct therapeutic
approach to actively and selectively target a DMARNs to effector cells in inflamed joints of
mice with collagen-induced arthritis (CIA), a well-established animal model of rheumatoid
arthritis. They developed sterically stabilized phospholipid micelles (SSM; hydrodynamic
diameter, ~13 nm) composed of negatively charged 1,2-distearoylsn-glycero-3-
phosphoethanolamine-(polyethylene glycol)2000 (DSPE-PEG2000), a component of U.S.
FDA-approved Doxil® (PEGylated liposomal doxorubicin) [30], to which camptothecin
(CPT), a U.S. FDA-approved selective topoisomerase I inhibitor for cancer chemotherapy,
self-associates (CPT-SSM; [31]). The synthetic polymer provides electrostatic and steric
stabilizations and a longer circulation half-life to the drug in vivo as well as functional-end
groups for the attachment of targeting ligands, such as antibodies, peptides and aptamers.

Koo et al. [17] found that self-association of CPT with SSM increased drug solubility and
stability by 25- and 3-fold, respectively, in aqueous solution in comparison to CPT alone.
Importantly, because vasoactive intestinal peptide (VIP) receptors are overexpressed in
activated T-lymphocytes, macrophages and proliferating synoviocytes in inflamed joints of
patients with RA, Koo et al. [17] surface-modified CPT-SSM with covalently conjugated
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VIP (CPT-SSM-VIP), a potent, pleiotropic 28-amino acid mammalian immunomodulator
belonging to the glucagon-secretin superfamily of peptides [32], to actively target VIP
receptors overexpressed on these effector cells receptors in mice with CIA thereby further
promoting CPT efficacy and reducing its systemic toxicity. Unlike other targeting receptors
in the microcirculation, such as αvβ3 integrins, VIP receptors are not expressed on
endothelial cells. This, in turn, circumvents interactions of circulating CPT-SSM-VIP with
VIP receptors in the microcirculation of extra-articular organs and tissues thereby
prolonging circulation time and bioavailability of these nanoconstructs. Injectable VIP
(aviptadil) is U.S. FDA-approved for treatment of acute food impaction in the esophagus,
and by other non-U.S. regulatory agencies for erectile dysfunction when combined with
phentolamine [33].

Koo et al. [17] showed that a single, subcutaneous injection of low-dose CPT-SSM-VIP, but
neither irinotecan, a CPT analog, nor MTX, abrogated CIA in mice for 32 days without
demonstrable systemic toxicity (Fig. 1). Injection of empty SSM had no significant effects
of CIA. The dose of CPT-SSM-VIP used in these studies was 10-folder lower than that used
for CPT alone and ~100-fold lower than that used in cancer therapy [31]. Unlike liposomes,
CPT-SSM-VIP is prepared and stored in a lyophilized form and reconstituted in water for
injection or saline just before use thereby simplifying storage and prolonging shelf life at
point-of-care [16,17]. Active targeting of CPT-SSM-VIP can also be accomplished by
grafting all D-VIP, the inactive enantiomer of naturally occurring L-VIP, to functional-end
groups of PEG molecule thereby circumventing possible L-VIP-induced activation of
intracellular signal transduction pathways in targeted cells. Thus, CPT-SSM-VIP represents
a promising, safe and efficacious DMARN for RA.

Sethi et al. [34] passively loaded VIP onto SSM (VIP-SSM) to generate a novel, safe, long-
acting immunomodulatory nanomedicine for the treatment of RA (Fig. 2). They showed
that, unlike VIP alone or empty SSM, a single subcutaneous or intravenous injection of low-
dose VIP passively loaded onto SSM (VIP-SSM) preferentially localizes in the joints of
mice with CIA and significantly ameliorates arthritis by modulating key cytokines,
chemokines and proteinases involved in the disease process without affecting systemic
arterial pressure or inducing diarrhea. Self-association of VIP with SSM confers stability to
the peptide molecule and prevents its hydrolysis and inactivation in the circulation thereby
prolonging its circulation time [32–34]. This sterically stabilized nanoconstruct then
extravasates from the hyperpermeable (‘leaky’) post-capillary venules in inflamed joints
where VIP exerts its anti-inflammatory effects. Similar to CPT-SSM-VIP, VIP-SSM is
prepared and stored in a lyophilized form and reconstituted just before use. Thus, VIP-SSM
may also represent a novel DMARN for the treatment of RA [32–34].

Long-circulating, biocompatible and biodegradable polymeric nanoparticles are attractive
nanocarriers for vascular drug delivery because of relatively simple manufacturing process,
loading efficiency, stability in biological fluids and low toxicity [16]. To this end, Ishihara et
al. [35] developed a series of long-circulating (PEGylated) nanoformulations of
betamethasone, a synthetic glucocorticosteroid, encapsulated in U.S. FDA-approved,
biocompatible and biodegradable poly(D,L-lactic/glycolic acid (PLGA) and poly(D,L-lactic
acid) (PLA) polymers (size, 45–115 nm). They showed potent and prolonged anti-
inflammatory activity of these nanocorticosteroids in rats and mice with experimentally
induced arthritis. This was due to prolonged circulation time, passive targeting to inflamed
joints and local sustained release of betamethasone. Conceivably, these passively targeted
novel nanomedicines could improve the therapeutic index of corticosteroids in comparison
to that of pulse therapy, intra-articular injection and liposome administration.
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Chrysotherapy has been used extensively as a DMARD in patients with RA before the
advent of biologics [1,2]. However, long-term use of these drugs was associated with serious
nephrotoxicity. To this end, subcutaneous injection of nanosized (particle size, 27 nm)
colloidal metallic gold suppressed collagen-, mycobacterial- and pristane-induced arthritis in
rats and was 1000-fold more potent than sodium aurothiomalate (I) [36]. Unfortunately, the
effects of these non-sterically stabilized nanoparticles on renal function and other organs
were not determined illustrating the need for parallel toxicology studies before embarking
on clinical trials [36,37].

Cyclodextrins are a family of naturally occurring compounds composed of glucose
monomers ranging from six to eight units in a cone-shaped ring configuration [20]. They are
produced from starch by enzymatic degradation. Chemically modified β-cyclodextrins are
generally recognized as safe (GRAS) excipients by U.S. FDA and are used as such in
several marketed drugs in the U.S. and worldwide. To this end, a linear cyclodextrin
polymer composed of β-cyclodextrin and PEG was conjugated to a derivative of
methylprednisolone through an ester linker that undergoes pH-dependent or enzyme-induced
cleavage in the inflamed joint [20]. The water-soluble, long-circulating, biocompatible,
nontoxic and nonimmunogenic construct self-assembles into nanoparticles of 27 nm in size.
This novel nanomedicine has been shown to reduce collagen-induced arthritis in mice at
doses up to 100-fold lower using weekly injections [20]. Whether long-term administration
of the nanomedicine is also associated with substantial reduction in methylprednisolone-
related toxicity remains to be determined. Conceivably, this novel nanomedicine could
improve efficacy of methylprednisolone while decreasing frequency of administration in
patients with RA.

In the future, we envision that personalized regenerative medicine therapy of RA and OA
would involve long-term administration of nanomedicines composed of anti-rheumatic
drugs, genes, siRNAs and microRNAs as well as nanomedicines that recruit, attract and
stimulate local stem cells to promote joint repair [26–28]. Nanomedicines could also be
grafted onto stem cells and humanized microparticles that once administered and attracted
into inflamed joints would modulate the local immune response, downregulate synovial
inflammation and promote articular repair.

4. Conclusion
We highlighted the role nanomedicine could play in improving long-term outcome of
patients with RA and OA, two unmet medical needs. To streamline and expedite bench-to-
bedside transition of novel nanomedicines for RA and OA in safe, cost-effective fashion, we
propose that investigators and other stakeholders in the arthritis arena should conduct animal
studies early on in the pre-clinical drug development stage to test U.S. FDA-approved
injectable nanocarriers, such as liposomes, micelles, nanocrystals, nanoparticles, nanotubes
and supermagnetic iron oxide, loaded with promising anti-rheumatic drugs. In these studies,
both efficacy and toxicity of lead nanomedicines will be determined simultaneously in the
same animal groups. Only safe and efficacious DMARNs thus discovered would then be
tested in clinical trials. This approach would circumvent the need for a lengthy and costly
safety testing of novel nanocarriers that have not been previously administered to human
subjects.
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Fig. 1.
CPT in micelles reduces cellular content within the CIA joints. Representative joint sections
of (A) empty SSM-VIP-injected mice, (B) CPT-SSM-VIP treated mice; (left to right) CD3+,
CD3−, lysozyme+, lysozyme− staining. Bars represent 10 µm. (C) Average pooled
immunohistochemical scores of cellular infiltration and distribution in joints of CIA mice on
( ) Day 38 and (■) Day 60. Results are expressed as mean ± S.E.M. (6 mice/group). *, †p<
0.05 versus SSM-VIP and SSM, respectively.
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Fig. 2.
Freeze-dried cake of vasoactive intestinal peptide (VIP; 67 µM) self-associated with
sterically stabilized phospholipid nanomicelles (SSM; 10 mM).
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