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T
he past few decades have witnessed
an exponential growth of nanotech-
nology-based therapeutic interven-

tions, with many drug delivery platforms,
such as water-soluble polymers, polymeric
micelles, liposomes, and nanoparticles, being
explored to improvedisease treatment. Aswe
observe the evolution of the nanomedicine
field, improvement of anticancer therapy has
undoubtedly been the major driving force.
Since cancer still is one of the most devastat-
ing human diseases in the developed world,
it is not surprising that the majority of nano-
medicines developed thus far have aimed to
improve current cancer treatment.1�3

In recent years, however, nanomedicines
have also been increasingly explored for
the treatment of inflammatory disorders.
Liposomal formulations, for instance, have
been developed for the targeted delivery
of glucocorticoids (GC) to areas of inflam-
mation, in particular to inflamed joints in
the case of rheumatoid arthritis (RA), but
also inflammatory lesions in Crohn's dis-
ease, colitis, stroke, multiple sclerosis, and
atherosclerosis.4�12 Upon entrapment in
∼100 nm-sized PEGylated liposomes, sig-
nificant improvements in the anti-inflam-
matory activity of GC have been observed
in animal models of all of these diseases.
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ABSTRACT As an emerging research direction, nanomedicine has been increas-

ingly utilized to treat inflammatory diseases. In this head-to-head comparison study,

four established nanomedicine formulations of dexamethasone, including liposomes

(L-Dex), core-cross-linked micelles (M-Dex), slow releasing polymeric prodrugs (P-Dex-

slow), and fast releasing polymeric prodrugs (P-Dex-fast), were evaluated in an

adjuvant-induced arthritis rat model with an equivalent dose treatment design. It was

found that after a single i.v. injection, the formulations with the slower drug release

kinetics (i.e., M-Dex and P-Dex-slow) maintained longer duration of therapeutic

activity than those with relatively faster drug release kinetics, resulting in better joint protection. This finding will be instructional in the future

development and optimization of nanomedicines for the clinical management of rheumatoid arthritis. The outcome of this study also illustrates the value

of such head-to-head comparison studies in translational nanomedicine research.
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For RA treatment, in particular, an initial clinical trial
(ClinicalTrials.gov Identifier: NCT00241982) has con-
firmed the potential of such inflammation-targeted
nanotherapeutic interventions.
Polymeric drug delivery systems have also been

shown to be able to selectively target sites of inflam-
mation and to significantly improve the therapeutic
efficacy of GC in animal models of inflammatory shock,
arthritis, lupus nephritis, and orthopedic implant
loosening.13�21 In addition, the N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer-based prodrugs
were found to be able to avert some side effects
commonly associated with GC when compared to
dose-equivalent regimens of the parent drug.20 The
application of liposomes as frontrunner carriermaterials
for the targeted delivery of GC is a logical one, in view
of their clinical track record and their well-established
characteristics (e.g., drug loading capacity, biodegrad-
ability, safety, etc.). Nevertheless, it is also warranted
to assume that the use of liposomes may have limita-
tions regarding the control over (prolonged) in vivo

drug release kinetics. This is due to the fact that drug
molecules are entrapped within the liposomal bilayer
and might therefore be rapidly released upon the
in vivo destabilization of lipid bilayers, in particular upon
uptake bymacrophages.9 Consequently, it is reasonable
to assume that the covalent coupling of drugs to long-
circulating polymeric carriers may offer important ad-
vantages, if the linker chemistry employed enables
optimally “tailored” in vivo release kinetics.13,16,22�25

Here, we have set out for the first time to directly
compare the intensity and duration of therapeutic
activity of four previously established and optimized
dexamethasone (Dex)-containing nanomedicine for-
mulations10,17,26,27 (Figure 1) for the treatment of

inflammatory arthritis, using an equidose experimental
design (10 mg/kg) and a well-established and clinically
relevant rat model of adjuvant-induced arthritis.28

This direct head-to-head comparison hints toward
the useof covalent drug linkageswithin nanomedicines,
enabling sustained release kinetics to achieve long-term
disease remission upon a single i.v. injection. This study
not only underlines the importance of controlling drug
release, but also demonstrates that head-to-head com-
parisons can rendermore effective candidate identifica-
tion and clinical translation of nanomedicines.

RESULTS

In Vitro Release of Dexamethasone from Four Different
Dex-Containing Nanomedicines. The in vitro drug release
kinetics of the four nanomedicine formulations (i.e.,
liposome-encapsulated Dex (L-Dex), Dex-conjugated
core-cross-linked polymeric micelles (M-Dex), slow-
releasing HPMA copolymer-dexamethasone prodrug
(P-Dex-slow) and fast-releasing HPMA copolymer-dex-
amethasone prodrug (P-Dex-fast); see Figure 1) were
evaluated at pH = 5.0 and 7.4. As shown in Figure 2, in
good agreement with previous reports,16,26 the release
of Dex from both HPMA copolymer-dexamethasone
conjugates was found to be much faster at acidic
pH than at neutral pH. When Dex was conjugated
to the HPMA copolymer via hydrazone-benzyl ester,
it cleaved much faster than Dex conjugated via hydra-
zone bond. By the end of the 14 day follow-up, ∼90%
of the Dex from P-Dex-fast was released, while only
slightly more than 10% of Dex was released from
P-Dex-slow. The release of Dex from the core-cross-
linked polymeric micelles was also found to be
pH-dependent.27 At neutral pH, the Dex released at a
much faster rate (>17% released by 14 days) than at

Figure 1. Schematic representation and chemical structures of the four dexamethasone-containing nanomedicine formula-
tions evaluated. L-Dex, long-circulating PEGylated liposome encapsulating dexamethasone phosphate (red) in its aqueous
core. M-Dex, dexamethasone-loaded core-cross-linked polymeric micelle. Dexamethasone is covalently entrapped in the
hydrophobic core of the polymeric micelle via a sulphone ester-containing linker, allowing hydrolytic release of the drug.
P-Dex-slow, dexamethasonewas covalently conjugated to HPMA copolymer through acid-cleavable hydrazone bond. P-Dex-
fast, dexamethasone was covalently conjugated to HPMA polymer through hydrazone benzyl ester bond.
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acidic pH (∼5% released by 14 days). The release of Dex
from the liposome formulation was minimal at both
acidic and neutral pH. It should be kept in mind in this
regard, however, that liposomes rapidly release their
contents upon internalization by macrophages.41

Preclinical Evaluation of the Four Nanomedicines Formula-
tions in Adjuvant-Induced Arthritis Rats. L-Dex, M-Dex,
P-Dex-slow, and P-Dex-fast were then evaluated
head-to-head in an adjuvant-induced arthritis (AA)
rat model, with free Dex, saline, and healthy untreated
rats acting as controls. On day 9 or 10 post arthritis
induction, disease activity became apparent with mild
swelling and an increase of ankle diameters (Figure 3).
On day 15, when the increase in ankle size reached
a plateau, a single dose of each of the four Dex-
containing nanomedicine formulationswas administered
i.v. at an equivalent dexamethasone dose (10 mg/kg).
For L-Dex, it has been reported that a single dose of
1 mg/kg is sufficient for a complete remission of joint
inflammation.33 For thepresent equidose study, however,
a higher dose of 10 mg/kg Dex was selected, to reveal
potential differences in duration of action among the
various formulations. For tolerability purposes, an equiva-
lent dose of free Dex had to be divided into four portions,
and was administered via i.p. injections on four consecu-
tive days (2.5 mg of dexamethasone/kg/day; i.e., within
the highest recommended dose range for Dex34).

As shown in Figure 3, all treatments, including free
Dex, improved the signs of joint inflammation imme-
diately and significantly. The degree of ankle swelling
was markedly reduced in all treatment groups during
days 15�18, i.e., the first 4 days after treatment. In
contrast to the similar pattern of rapid initial response,
the duration of the therapeutic benefit resulting from
the five treatments was different. For the free Dex

group, upon initial suppression, a (re-)flare in joint
inflammation was observed immediately upon the
cessation of the treatment. A relatively rapid (re-)flare
was also observed in the P-Dex-fast group (already
at day 6 after i.v. injection). For L-Dex, the effect of
treatment lasted longer (until day 10 after i.v. injection).
At the dose level evaluated, i.e., 10 mg/kg, P-Dex-slow
andM-Dex resulted in themost prolonged suppression
of joint inflammation (>30 days). This pronounced
improvement in the duration of therapeutic activity
of a single injection of P-Dex-slow and M-Dex could be
further illustrated by the accumulative disease load
(defined as the area under the arthritis score curve27) of
rats treated with these formulations when compared
with all other treatments (Figure 3, P < 0.0001, one-way
ANOVA). No death was observed throughout the
course of the experiment. Regarding mild to moderate
toxicity, except for P-Dex-slow, all the other Dex-
containing nanomedicines resulted in a certain degree
of diarrhea immediately upon treatment. But in all
cases, this was rapidly resolved (i.e., within 2�3 days).

Histological Validation. Histological analyses of ankle
joint sections were performed at the end of the study
(i.e., day 42), to compare bone and cartilage preserva-
tion in all treatment groups. As shown in the upper
panels in Figure 4, arthritic joints from P-Dex-fast,
L-Dex, free Dex, and saline-treated animals all demon-
strated cartilage and bone erosion with marked infil-
tration of mononuclear cells and pannus formation.
Joint sections from the L-Dex-treated group showed
intermediate inflammatory features. Although the
arthritis had started to (re-)flare after an initially very
strong anti-inflammatory response, there were only
limited cellular infiltrates among animals treated with
either P-Dex-slow and M-Dex. There were no obvious

Figure 2. In vitro release of dexamethasone from the four nanomedicine formulations at pH = 5.0 and 7.4. The Dex released
percentage values are presented as average ( SD.
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bone or cartilage erosions, nor any pannus tissue
formation observed for these groups. Quantitative
scoring of histopathological tissue sections further
verified these observations: as shown in the lower
panels in Figure 4, the joints from rats treated with
either P-Dex-slow or M-Dex presented with the lowest
average histology scores (range 0.14�0.29), and values
were found to be similar to those observed in healthy
controls. The joints of rats treated with L-Dex and
P-Dex-fast presented with intermediate histology
scores (>3), i.e., significantly higher than those in the
P-Dex-slow and M-Dex groups, but lower than the
values (>6) found in animals treated with free Dex or
saline.

Quantitative Joint Bone Quality Evaluation upon Nanomedi-
cine Treatment. To further assess the potential of the
different nanomedicine formulations for preserving
joint anatomy and function, mean BMD from the distal
tibia to the phalanges of the foot was analyzed at the
end of the study (Figure 5). BMD values of the ankle

joints in P-Dex-fast, free Dex, and saline-treated ani-
mals were significantly lower than those in the healthy
controls (P < 0.05). BMD values in the P-Dex-slow and
M-Dex treated animals were similar to that of healthy
groups, and were significantly higher as compared to
those in P-Dex-fast, free Dex, and saline-treated con-
trols (Figure 5). BMD values of L-Dex treated animals
tended to be higher than those in P-Dex-fast, free Dex,
and saline-treated controls, but lower than those found
in P-Dex-slow and M-Dex treated animals. Again, this
result may reflect the relatively longer duration of the
therapeutic activity of the P-Dex-slow and M-Dex
compared to the L-Dex and P-Dex-fast formulations.

The 2D BMD results were supported by 3Dmicro-CT
analyses of the joints. As shown in the reconstructed
images in Figure 6, the most severely damaged joints

Figure 3. Therapeutic efficacy of Dex-containing nano-
medicine treatment in rats with adjuvant-induced arthritis
(AA). Top: Change of ankle diameters (%), representing the
swelling and disease activity, was determined daily by using
a digital caliper. Bottom: The cumulated disease load,
defined as the area under the arthritis score curve from
treatment (day 15) until the end of the study (day 39), of
each individual rat is presented together with the mean
of the treatment group as a straight line. The disease load of
the animals in each treatment group was significantly
different from those in the other groups except for Saline
vs Dex, P-Dex-fast vs L-Dex, M-Dex vs P-Dex-slow. *Signifi-
cantly different from saline and Dex groups. **Significantly
different from P-Dex-fast and L-Dex groups.

Figure 4. Histological evaluation of the ankle joints nano-
medicine-treated AA rats. Top panels: Representative images
(40�, H&E staining) of ankle joints. Synovial cell lining hyper-
plasia, pannus formation (single arrow), bone destruction (*)
and cartilage damage (double arrow) are clearly evident in
saline, free Dex, P-Dex-fast, and L-Dex treated groups, while
the M-Dex and P-Dex-slow treatment efficiently prevented
these pathological changes. Bar = 0.5 mm. Bottom panel:
P-Dex-slowandM-Dex treated rats showed significantly lower
histology scores as compared to free Dex or saline treated
rats. **Significantly different from saline and Dex groups.

A
RTIC

LE



QUAN ET AL. VOL. 8 ’ NO. 1 ’ 458–466 ’ 2014

www.acsnano.org

462

were found in the saline-treated group, with almost the
entire distal tibia being eroded. All of the nanomedi-
cine formulations of Dex as well as equivalent dose
of free Dex offered a protection to the joints. The level
of joint damage generally conformed to the following
order: saline > Dex > P-Dex-fast > L-Dex, followed by
very minor bone surface erosion observed for M-Dex-
and P-Dex-slow-treated joints. The quantitative anal-
ysis of the hind paw calcaneus micro-CT data convin-
cingly showed that P-Dex-slow and M-Dex treatment

most efficiently preserved the bone volume fraction
(BV/TV), trabecular thickness (Tb.Th), trabecular num-
ber (Tb.N) and mean polar moment of inertia (MMI),
with values similar to those observed for healthy
controls, and significantly better than those ob-
served for free Dex-treated and saline-treated animals
(P < 0.01; Table 1).

DISCUSSION

As a class of very potent and fast-acting anti-
inflammatory drugs with proven disease-modifying
effects, GCs have well-known and readily recognized
side effects,35,36 primarily due to their ubiquitous
biodistribution. Several different nanomedicine formu-
lations, including liposomes (L-Dex), water-soluble
polymers (P-Dex-fast and P-Dex-slow), and polymeric
micelles (M-Dex), have been successfully developed to
modify the biodistribution of GCs, aiming to improve
therapeutic efficacy and safety.9,10,15�17,26,27,37

In this head-to-head comparison study, we found
that both M-Dex and P-Dex-slow treatments yielded
sustained anti-inflammatory activity providing com-
plete preservation of the joint structure of the AA rats.
Though fast and intense in their action, the therapeutic
effects of L-Dex and P-Dex-fast treatment appeared
more short-lived and therefore offered only partial
protection to the joint anatomy, as the observation

Figure 5. Endpoint bonemineral density (BMD) of the ankle
joints for all the animal groups. BMD was evaluated with
peripheral dual energy X-ray absorptiometry (pDEXA). *Sig-
nificantly different from healthy control group. **Signifi-
cantly different from saline and Dex groups.

Figure 6. Representative microcomputed tomography (micro-CT) images of the ankle joints of Dex-containing nanomedicine-
treated AA rats. Micro-CT scans showed significant bone erosions in the saline, Dex, or P-Dex-fast groups. Prominent bone
erosionswere evident on the calcaneus bone and extended to themetatarsals. Minor erosionswere seen in these areaswithin
the ankle joints of L-Dex treated rats. P-Dex-slow and M-Dex presented with an impressive reduction of ankle joint bone
erosions, where bone was well-preserved and appeared to be similar to that found in healthy rats.
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time point was relatively late and the disease started
to progress again. For these two formulations, more
frequent administration at a lower dosing level may
achieve treatment outcomes similar to those with
slower activation profiles (M-Dex and P-Dex-slow).
According to the proposed mechanism of action

of these nanomedicines,9,17,21,27 carrier-specific fea-
tures such as nature, size, and structure, which likely
affect their circulation half-life, extravasation, penetra-
tion, internalization, and/or drug release kinetics,
will have direct impact on the therapeutic efficacy
and the durability of response for the nanomedicine
tested. In this study, all treatments contained the same
antirheumatic drug, dexamethasone, with exactly
the same dosing level, and all were tested in the same
animal model of inflammatory arthritis. The first struc-
tural parameter that differentiates the four nanomedi-
cines is their size. For P-Dex-fast and P-Dex-slow, these
conjugates share similar average hydrodynamic radius
(RH = 5.9 and 5.0 nm, respectively). As for M-Dex and
L-Dex, their average diameters are ∼53 nm and
∼96 nm, respectively. The head-to-head study design
allowed us to quickly rule out the possibility of having
nanomedicine size as the major contributing factor
for their different efficacy in this particular animal
model of inflammatory arthritis. As the treatment data
reveals (Figures 3�6), P-Dex-fast and P-Dex-slow, while
having a similar hydrodynamic radius, provided the
shortest and the longest anti-inflammatory activity dura-
tion, respectively. On the other hand, though M-Dex
and P-Dex-slow have very different sizes, they both
very effectively ameliorated the synovitis for a very long
duration (>30 days) andpreserved the joint anatomy and
structure. We speculate that the vascular permeability in
the tested AA rats' synovia is so high that it permits
extravasation of all four tested nanomedicine formula-
tions, leading to a similar extravasation rate. For subclini-
cal RA (withmild inflammatory conditions), however, the
extent of vascular permeability may limit the rate of
extravasationwith the increaseof nanomedicine size.38,39

Further assessment of the results from this study
suggests that the Dex release kinetics of the nanome-
dicine formulations, rather than their size, may be the
major parameter contributing to their different ther-
apeutic activity duration. As reported previously, Dex in
P-Dex-fast was conjugated to the polymer backbone
through a hydrazone-benzyl ester.26 It hydrolyzes at a
much faster rate than the vinyl bond-stabilized hydra-
zone linker in P-Dex-slow (Figure 2). Because of the
acid labile nature of the linker chemistry, the main
Dex releasing sites for P-Dex-slow and P-Dex-fast are
the endosomal/lysosomal compartments or inflamma-
tion associated acidosis pathology. In M-Dex, Dex was
conjugated to the cross-linked core via a sulfone ester
bond, which hydrolyzes faster at physiological pH
than in acidic environments27 (Figure 2). Such linker
chemistry design permits Dex release from M-Dex to
proceed at both intracellular compartments and extra-
cellular space.40 Though L-Dex was found to have a
very slow release rate as compared to the other three
formulations in standard releasing buffers (Figure 2),
their in vivo drug release rates are expected to reverse.
Our previous studies have shown that upon extravasa-
tion into the arthritic joint, liposomal formulations
interact with macrophage-like synoviocytes, resulting
in the rapid release of the encapsulated drug following
lysosomal degradation.9,41 The extensive phagocytosis
of L-Dex within inflamed tissue exposes the macro-
phage-like synoviocytes to high intracellular concen-
trations of Dex, which may explain its both rapid and
robust anti-inflammatory effect. As macrophage-trig-
gered drug release from L-Dex is much faster41 than
drug release from P-Dex-slow16 and M-Dex,27 its anti-
inflammatory effects are expected to have a relatively
shorter duration than P-Dex-slow andM-Dex (Figure 3).
It is important to note that what was encapsulated in
the liposomes is free Dex (dexamethasone phosphate
disodium), a water-soluble prodrug of Dex. Because
of its rapid in vivo conversion to dexamethasone,42 the
onset of its therapeutic action will not be affected.
To consider this finding in a bigger picture, it is

important to point out that because of the equidose
study design, L-Dex treatment is likely “overdosed” at
the level of 10 mg/kg. It is already effective (albeit with
shorter therapeutic activity duration) at a much lower
dose (1mg/kg), at which neither P-Dex-slow norM-Dex
show efficacy.16,27,33 Similarly, it might be possible
that some of these formulations can even be safely
administered at a higher dose (i.e., the maximum
tolerated dose; MTD), potentially leading to an even
longer suppression of disease parameters upon a
single i.v. injection. These possibilities will be investi-
gated in more detail in future studies.
Considering the potential clinical translation of

the nanomedicines under study, one may question
which formulation is preferred: a formulation effective
in a low dose and a shorter duration of action, or a

TABLE 1. Ankle Joint Bone Histomorphometric Parameters

fromAdjuvant-InducedArthritis (AA) RatsTreatedwithFour

Different Nanomedicine Formulations of Dexamethasone

(Obtained from Analyses of the Micro-CT Data)a

BV/TV (%) Tb.Pf SMI Tb.Th Tb.N MMI

saline 8.35 37.80 2.54 0.07 0.93 0.007
Dex 9.99 28.65 2.49 0.08 1.01 0.009
P-Dex-fast 29.32b 12.20 1.63 0.10 2.56b 0.026b

L-Dex 32.67b 2.36 1.52b 0.11 2.94b 0.030b

M-Dex 37.99b �1.43b 1.25b 0.12b 3.22b 0.034b

P-Dex-slow 39.76b �1.78b 1.15b 0.12b 3.40b 0.036b

healthy 38.35b �0.04b 1.28b 0.11b 3.48b 0.036b

a BV/TV = Bone volume fraction or bone volume density; Tb.Pf = trabecular bone
pattern factor; SMI = structure model index; Tb.Th = trabecular thickness; Tb.N =
trabecular number; MMI = mean polar moment of inertia. b Significantly different
as compared to the saline and free Dex groups.
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formulation administered at higher doses but with a
longer duration of action? Prior to answering these
questions, dose�response, pharmacokinetics, as well
as detailed safety studies will need to be carried out to
clearly outline the therapeutic potential of the various
formulations. In addition, regarding the best choice
for a particular clinical application, other factors such
as clinical needs (e.g., bridging therapy vs long-term
prescription), patient compliance (all nanomedicine
evaluated must be given as injections), ease and costs
of manufacturing, biocompatibility, pharmacokinetics,
and targeting efficiency also need to be taken into
consideration.

CONCLUSION

In this head-to-head comparison study, we have eval-
uated the therapeutic activity duration of four established

nanomedicine formulations of dexamethasone in a clini-
cally relevant animal model of inflammatory arthritis. It
was found that a longer duration of action is achieved
when Dex is covalently conjugated to (polymeric) carrier
materials using linker chemistry permitting sustained
drug release and prolonged systemic and/or local drug
activity. This finding is instructional in the future develop-
ment and optimization of nanomedicines for the clinical
management of rheumatoid arthritis. Furthermore, the
study presented in this paper also suggests that as
opposed to many common beliefs, nanomedicines may
find greater success in inflammatory diseases than in
cancer, because of more prominent, consistent and
homogeneous passive targeting to the lesion. Though
never performed in the past, we believe such head-to-
head comparison study is essential for the future nano-
medicine design, optimization, and clinical translation.

MATERIALS AND METHODS

Preparation of Dexamethasone Encapsulating Long-Circulating Lipo-
somes. L-Dex was prepared by lipid film-hydration method.9,10

Briefly, DPPC (Lipoid GmbH, Germany), PEG2000-DSPE (Lipoid),
and cholesterol (Sigma Aldrich, Germany) were dissolved in a
1.85:0.15:1 molar ratio in 5�10 mL of ethanol. A lipid film was
formed in a round-bottom flask via rotary evaporation (Buchi,
Switzerland) and further driedunder anitrogen flow. The lipid film
was then hydratedwith a 100mg/mL solution of dexamethasone
phosphate disodium (free Dex, BUFA, The Netherlands) in re-
versed osmosis purified water to form liposomes. The size and
polydispersity of the liposomes were reduced by repeated extru-
sion of the dispersion through two polycarbonate filters with
varying pore sizes (Whatman, USA)mounted in an LIPEX extruder
(Northern Lipids Inc., Canada). Unencapsulated free Dex was
removed by dialysis against PBS at 4 �C for 48 h. The dexametha-
sone concentration in the liposomal dispersion (6.5 mg/mL) was
measured, upon extraction of the aqueous phase,29 by ultraper-
formance liquid chromatography (UPLC) (Waters) equipped
with an Acquity UPLC BEH C18 column, using acetonitrile/water
(1/3) with 0.1% TFA as eluent. Particle diameter (96 nm) and
polydispersity index (PDI, 0.14) of extruded dispersions were
determined by dynamic light scattering (DLS) using a Nano-ZS
instrument (ZEN3600, Malvern).

Preparation of Dexamethasone-Conjugated Core-Cross-Linked Poly-
meric Micelles. M-Dex was prepared as described previously.27

Briefly, a polymerizable prodrug of dexamethasone (DMSL3)27

was encapsulated in the hydrophobic core of polymeric micelles,
using the rapid heating method.30,31 One volume of DMSL3
in ethanol was added to nine volumes of an ice-cold ammonium
acetate buffered (pH = 5) solution of poly(ethylene glycol)-
b-poly(N-(2-hydroxypropyl)methacrylamide lactate) (PEG-b-
pHPMAmLacn) copolymer with 14% methacrylation, KPS
(Merck, USA) and TEMED (Sigma Aldrich, Germany). The final
concentration of polymer, KPS, TEMED and DMSL3 (Dex
equivalent) was 20, 1.35, 3, and 2 mg/mL, respectively. Subse-
quently, by rapid heating to 50 �Cwhile stirring vigorously for 1
min, polymeric micelles were formed. The micelles were
covalently stabilized by radical polymerization of the metha-
crylated polymer side chains present in the micellar core
in a N2-atmosphere for 1 h at RT, and as a result of copolym-
erization of DMSL3 during cross-linking, Dex-conjugated
core-cross-linked polymeric micelles were obtained. Finally,
the micelles were filtered with a 0.2 μm filter to remove aggre-
gated nonencapsulated drug. The amount of dexamethasone
conjugated within the micelles (1.6 mg/mL, which corre-
sponded to an encapsulation efficiency of 80%) was deter-
mined by UPLC upon hydrolysis of the ester bonds at pH 9.4,
which was considered complete when a plateau in the

dexamethasone concentration was reached. The diameter of
the polymeric micelles, as determined by dynamic light scat-
tering, is approximately 53 nm, with a PDI of 0.04.

Preparation of TwoHPMA Copolymer-Dexamethasone Conjugates. P-Dex-
slow was synthesized and characterized as described previously.16

Briefly,N-(2-hydroxypropyl)methacrylamide (HPMA) and acid-clea-
vable N-methacryloylglycylgycyl hydrazonyl dexamethasone (MA-
Gly-Gly-NHNdDex)were copolymerizedbyRAFTpolymerizationat
50 �C for 2 days, with 2,20-azobisisobutyronitrile (AIBN) as initiator
and S,S0-bis(R,R0-dimethyl-R00-acetic acid)-trithiocarbonate as RAFT
agent. The resulting polymer was first purified on a LH-20 column
to remove the unreacted low molecular weight compounds and
then dialyzed. The molecular weight cutoff of the dialysis tubing
was25kDa. Thepolymer solutionwas lyophilized toobtain the final
P-Dex-slow. The hydrodynamic radii (RH) of the polymer carriers
in a phosphate buffer (0.01 g/mL; pH 7.4, 0.1 M with 0.05 M NaCl)
were measured with a Nano-ZS instrument (ZEN3600, Malvern).
The intensity of scattered light was detected at θ = 173� using a
laser at 632.8 nm. For the evaluation of dynamic light scattering
data, theDTS (Nano) programwasused. The valuewas themeanof
at least five independentmeasurements. The RH (5.0 nm) of P-Dex-
slow was found to be rather stable over 2 days of measurements,
with Mw = 49.4 kDa and Mn = 27.7 kDa. The amount of Dex
conjugated in the P-Dex-slow was determined as 9.6 wt %
(fully hydrolyzed, analyzed with HPLC).

P-Dex-fast was synthesized and characterized as reported
previously.26 As the first step, 4-(2-oxopropyl)benzoic acid
ester of Dex (Dex-OPB) was synthesized by reacting the hydro-
xyl group on C21 of Dex with 4-(2-oxopropyl)benzoic acid.
6-Methacrylamidohexanohydrazide (Ma-ah-NHNH2) was then
prepared. The copolymerization of HPMA and Ma-ah-NHNH2

was done in methanol at 60 �C for 17 h with AIBN as initiator. As
a polymer precursor, the resulting copolymer poly(HPMA-co-
Ma-ah-NHNH2) was then used in a polymer analogous reaction
with Dex-OPB to obtain the final product of P-Dex-fast. The Dex
content in P-Dex-fast was 8.5 wt %. Because of the difference
in linker chemistry, P-Dex-fast has a much higher release rate
than P-Dex-slow.16,26 The initial RH of P-Dex-fast was 5.9 nm,
withMw = 33.3 kDa andMn = 18.2 kDa. Over the course of 2 days
incubation in PBS, however, a gradual increase of scattered light
intensity suggests the formation of aggregates due to quick Dex
release.

Analysis of Dexamethasone Release from the Four Nanomedicine
Formulations. The release of free Dex and/or Dex esters, from
soluble polymer conjugates and from micelles were investi-
gated by incubation of the conjugates in phosphate buffers
at pH 5.0 and 7.4 (0.1 M phosphate buffer with 0.05 M NaCl) at
37 �C. The concentration of the conjugate in stock solution
was equivalent to 2.5 � 10�4 M Dex. At predetermined time
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intervals, 200 μL of the solution was withdrawn, extracted with
chloroform (0.8 mL), and then analyzed with an HPLC analyzer
(Shimadzu, Japan), using a reverse-phase column Chromolith
Performance RP-18e (100� 4.6, eluent water�acetonitrile with
acetonitrile gradient 0�100 vol %, flow rate 0.5 mL/min)
with UV detection at 230 nm.

For Dex phosphate release from liposomes (2.5 � 10�4 M,
Dex concentration), the liposomes were incubated in phos-
phate buffers at pH 5.0 and 7.4 (0.1 M phosphate buffer with
0.05MNaCl) at 37 �C. At predetermined time intervals, 500 μL of
the solution was placed onto PD-10 column (eluent PBS buffer),
and the fraction containing low-molecular weight molecules
(including Dex phosphate) was collected and freeze-dried. The
Dex phosphate was extracted from the lyophilized sample into
methanol and analyzed with HPLC as mentioned above.

Evaluation of Dexamethasone Formulations in Adjuvant-Induced Ar-
thritis Rats. Male Lewis rats (175�200 g) were obtained from
Charles River Laboratories, Inc. (Wilmington, MA, USA) and
allowed to acclimate for at least 1 week. Arthritis was induced
by subcutaneous injection of 1 mg of Mycobacterium tubercu-
losis H37Ra and 5 mg of N,N-dioctadecyl-N0 ,N0-bis(2-hydroxy-
ethyl)-1,3-propanediamine mixed in 100 μL of paraffin oil at the
base of the rats' tail.14 On day 15, rats (7/group) with established
arthritis were treated i.v. with saline, and 10 mg/kg Dex equiva-
lent of L-Dex, M-Dex, P-Dex-fast, and P-Dex-slow. An equivalent
dose of free Dex was divided into four aliquots (2.5 mg of
dexamethasone/kg) and administered i.p. to another group of
AA rats on days 15�18. Six healthy Lewis rats were included as a
control group. From day 8, clinical symptoms of joint inflamma-
tionwere assessed, and themedial to lateral ankle diameter was
determined using a digital caliper, as ameasure of inflammatory
swelling. Arthritis flare of the latest group among four treatment
groups was set as the experimental end point, at which time
the animals were euthanized with hind limbs isolated for bone
mineral density (BMD) and histology evaluations. Cumula-
tive disease load was defined as the area under the arthritis
score curve from the start of treatment (day 15) until the end
of the study. BMD was measured from the distal tibia to the
phalanges of the paw using a pDEXA Sabre X-ray bone densit-
ometer (Norland Medical System, Inc., Fort Atkinson, WI, USA).
All animal experiments were performed using a protocol ap-
proved by the University of Nebraska Medical Center Institu-
tional Care and Use Committee in accordance with Principles
of Laboratory Animal Care (National Institutes of Health pub-
lication 85�23, revised in 1985).

Microcomputed Tomography Analysis of Joints. Microarchitectural
parameters of the ankle joints were evaluated as described
previously,32 using a Skyscan 1172 micro-CT system (Skyscan,
Kontich, Belgium). Micro-CT scanning parameters were voltage,
70 kV; current, 142 μA; exposure time, 1400ms; resolution, 13.1 μm;
and aluminum filter (0.5 mm). 3D images were reconstructed
using CT-Vox and CT-Vol software (Skyscan), to produce a visual
representation of the results. To quantitatively compare the four
treatments, the hind paw calcaneus was identified as the anato-
mical site for micro-CT analysis. The morphometric parameters
of subchondral trabecular bone, such as bone volume (BV, mm3),
bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, μm),
trabecular separation (Tb.Sp, μm), and trabecular number
(Tb.N, 1/mm), were calculated (software CTAn, Skyscan).

Histological Analysis. Isolated hind limbs were fixed with for-
malin and decalcified. Once decalcification was complete,
specimens were transferred to ammonia solution to neutralize
acids and left in specimens for 30min and then rinsed inwater for
24 h. Thin sections (5 μm) were cut approximately 200 μm apart
and were H&E stained. The joints were histologically graded by a
trained pathologist (SML), using a scoring system as previously
described.17 Each histopathologic feature was graded as follows:
synovial cell lining hyperplasia (0�2); pannus formation (0�3);
mononuclear cell infiltration (0�3); polymorphonuclear leuko-
cytes infiltration in periarticular soft tissue (0�3); cellular infiltra-
tion and bone erosion at distal tibia (0�3); and cellular infiltration
of cartilage (0�2). The score for every histopathologic feature
was summed for each animal.

Statistics. Values are presented as average ( standard de-
viation. One-way analysis of variance (ANOVA) was performed

followed by a post hoc test (Bonferroni's test) for multiple
comparisons. A value of P < 0.05 was considered statistically
significant.
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