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Osteoarthritis (OA) is the most common form of arthritis, affecting nearly 27 million
Americans.l!] Epidemiological studies indicate that some evidence of OA can be found in
60% of the population over age 35, with radiographic evidence of cartilage thinning in more
than 50% of adults over age 65.12] OA is characterized by progressive degradation of
cartilage, typically in load-bearing areas of one or more joints. Cellular changes include
decreased chondrocyte viability and increased proliferation, altered matrix synthesis, and
increased levels of pro-inflammatory cytokines such as interleukin (IL)-1f8 and tumor
necrosis factor (TNF)-a, resulting in elevated production of matrix degrading enzymes and
reactive oxygen species.3L41.51 OA is often localized to joint spaces and therefore systemic
delivery of OA-modifying drugs and therapeutics often results in poor improvement due to
the lack of vascularity. Therefore localized intra-articular administration of drugs targeting
cartilage or synovial inflammation has emerged as a promising strategy for therapeutic
intervention in OA.[61.71.[8] However, one of the major limitations with bolus small
molecule and protein injections is the low retention within the intra-articular spaces. Upon
intra-articular delivery, a drug is efficiently drained into lymphatics limiting residence times
to as short as 1-2 hours.[81.%] For example, Lornoxicam, an anti-inflammatory analgesic,
leaks quickly into the systemic circulation and therefore has a short residence time (< 48
hours) and half-life in the joint. To achieve prolonged release and retention of therapeutics
in the intra-articular space, biomaterials-based formulations such as hydrogels, liposomes,
and polymeric micro/nano-particles have been reported. Compared to the bolus injections of
drug itself, Lornoxicam-encapsulated poly(lactic-co-glycolic acid) (PLGA) microparticles
have prolonged the retention in healthy rat joint to 96 hours.[10 Large gelatin microparticles
(~ 70 um) have also been examined to deliver basic fibroblast growth factor in healthy rabbit
joints, however only 3% protein was retained in the joint cavity after 7 days.[*}] Whereas
many of these drug delivery vehicles demonstrate reductions in inflammation, their
applicability is severely limited by suboptimal drug dosing kinetics and biostability as well
as inadequate mechanical and biological properties. For instance, many of these polymeric
materials (e.g., PLGA) elicit non-specific inflammatory responses and are limited in the
encapsulation/delivery of proteins. Similarly, liposome carriers have poor stability and
release kinetics. We are particularly interested in nanoparticles because the nanoscale
dimension: (i) provides for increased retention of the carrier in the joint;[121.[131.114] (ji) is
smaller than micron-sized particles that are phagocytosed by resident cells and elicit
inflammation;[12] and (iii) allows simple delivery via intra-articular injections for local
administration. Various nanoparticles-based systems have been developed for delivery of
therapeutic drugs to the joint.[1°].[161.[17].[18].[19].[20].[21] \we recently reported self-
assembling nanoparticles presenting interleukin-1 receptor antagonist (IL-1Ra) for enhanced
delivery, retention, and bioactivity in the OA joint.[22] These 300 nm nanoparticles
demonstrated significantly longer retention time for IL-1Ra in the rat stifle joint compared to
that of soluble IL-1Ra and no adverse effect on the cartilage structure in the joint. We then
hypothesized that larger sized nanoparticles in the 500-1000 nm range will prolong the
retention of proteins in rat intra-articular stifle joint space. Although previously reported
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nanoparticles were promising delivery vehicles, we were limited in our ability to engineer
variable size particles. Here, we report a new class of self-assembly polymer which contains
a poly-hydroxyethylmethacrylate ()(HEMA) backbone with a functionalized hydrophobic
side chain of pyridine to vary the particle size range (Figure 1A) and demonstrate the effect
of nanoparticle size on protein retention time in the rat intra-articular stifle joint space.

pHEMA-pyridine was synthesized by reacting pHEMA with nicotinoyl chloride
hydrochloride in tetrahydrofuran and pyridine as indicated in Figure 1B. Post purification, a
white solid was recovered with 51% yield and the resulting modified pHEMA was
confirmed by *H NMR as indicated in Figure 1C (300 MHz, CDCl3, ppm): 9.13 (1H,
pyridine-H), 8.17 (1H, pyridine-H), 8.23 (1H, pyridine-H), 7.38 (1H, pyridine-H), 4.48 (2H,
OCHy), 4.22 (2H, OCH,), 1.80 (2H, CH), 0.89-1.01 (3H, CHj3).

To incorporate biotherapeutics such as proteins, the modified polymer was incubated with
the target biomolecule in aqueous buffer (Fig. 1A). This tethering approach overcomes
major limitations of other biomaterial carriers that require organic solvents that affect
therapeutic protein activity or multi-step chemical reaction procedures. Similar to our
previous work in constructing polymer-virus core-shell nanoparticles,[231:[241.125] the protein-
polymer complexation is very fast and the resulted nanoparticles can be simply washed and
collected by centrifugation. In the present work, we focused on tethering the model protein
bovine serum albumin (BSA) and a therapeutic targeting ligand fibronectin onto the self-
assembling nanoparticles. The polymer assembled into nanoparticles with average diameters
that depended on the protein:polymer ratio of the reactants. By keeping the polymer amount
at 0.4 mg (2.0 mg mL~1, 0.2 mL), increasing the amount of BSA protein was able to
modulate the size of nanoparticles. As seen in Figure 2A and B, the 2:1 ratio resulted in
spherical particles with an average diameter of 303£13 nm and the 1.875:1 ratio yielded
nanoparticles of 500 + 22 nm average diameter. The largest diameter size corresponds to the
1.5:1 ratio nanoparticle (910 + 46 nm) suggesting an increase in particle size with decrease
in protein content.

Although we observed nearly 100% modification of pyridine, the polymer still retains its
more hydrophilic parts, i.e. the arms and the nicotinoyl groups which are more hydrophilic
in comparison with the main methacrylate chain. Therefore the resulting polymer is more
hydrophobic than pHEMA. We hypothesize that the assembly process is primarily
entropically driven, with electrostatic interaction and hydrogen bonding as “patches” to
stabilize the final structures. The displacement of proteins (serving as pseudo-amphiphiles)
between the interface of water and pHEMA-pyridine, which is insoluble at a pH > 5, can
minimize the interfacial energy, a similar process as the formation of Pickering
emulsions.[261.271 On the other hand, an optimal polymer structure is critical for a successful
assembly since it provides a hydrophobic nature to drive the assembly while the pyridinyl
units can form hydrogen-bonds with proteins and create a benign microenvironment to assist
the conformational preservation of proteins.

One major concern for our application is the stability of the protein-shell of the assembled
complex against serum proteins. Hence we evaluated the aggregation and stability of
nanoparticles in serum-containing media. As indicated by dynamic light scattering (Figure
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2C), the nanoparticles with 900 nm initial diameter maintained their size over a period of 2
weeks suggesting serum stability and minimal aggregation. Similar stability results were
obtained from smaller size nanoparticles (500 nm) over a period of 14 days. We next
performed material cytotoxicity studies by incubating RAW 264.7 macrophage cells with
increasing doses of nanoparticles (0.2 — 2.0 mg/mL) and observed no cytotoxic effects on
the cells over a period of 24 hours (Figure 2D).

We next assessed the ability to form nanoparticles with human fibronectin (FN) protein
which has a different molecular weight than BSA and has merit as a therapeutic targeting
ligand.[281.[29] Similar to BSA nanoparticles, we successfully generated 200 nm
nanoparticles using human plasma fibronectin (FN-NPs, Figure 2E) at 2:1 protein to
polymer ratio. All nanoparticle samples had a narrow size distribution with polydispersity
index (PDI) in the range of 0.13 — 0.29. We did not observe any influence of nanoparticle
size or protein type (BSA vs fibronectin) on PDI.

To assess the bioactivity of FN-NPs, we used the monoclonal antibody HFN7.1 against
human fibronectin that binds in the cell binding domain of fibronectin. Importantly, we
previously demonstrated that this antibody is receptor-mimetic and serves as an excellent
surrogate of integrin-mediated cell adhesion.[3%] An irrelevant mouse antibody that does not
bind to human fibronectin and BSA-NPs were used as controls. HFN7.1 antibody
demonstrated significantly higher binding FN-NPs compared to BSA-NPs (p<0.0001), and
this binding was specific to the HFN7.1-FN interaction as a 1gG control antibody had
background binding levels (Figure 2E). Our results clearly demonstrates that this is a
generalizable approach to form protein loaded nanoparticles and the loaded protein retains
bioactivity.

Finally, we assessed the role of nanoparticle size in prolonged retention in the intra-articular
space in the rat stifle joint. We have previously used in vivo fluorescence imaging to monitor
delivery of therapeutic proteins labeled with near-IR dyes.[221.131] This strategy provides a
simple and powerful approach to measure delivery/retention profiles over time in the same
cohort of subjects. Endotoxin-free BSA was conjugated with VivoTag®-S 750, an amine-
reactive near-IR fluorochrome, and nanoparticles were prepared as described earlier. Using
fluorescence molecular tomography, we evaluated the relationship between size of the
nanoparticles and retention time in rat intra-articular stifle joint space.

As seen on Figure 3, soluble protein exhibited poor retention in the joint with a half-life of
0.63 days. Both 500 and 900 nm particles demonstrated significantly longer retention of
protein (p<0.025 and p<0.05, respectively) compared to soluble protein. The BSA-
complexed 500 nm nanoparticles exhibited a half-life of 1.9 days whereas the larger
nanoparticles (900 nm) exhibited a longer half-life of 2.5 days. Importantly, 900 nm
particles exhibited sustained retention (~30% at 14 days) compared to the 500 nm particles
and soluble protein, indicating an improvement in prolonged retention using larger size
nanoparticles within the intra-articular joint space. Conventionally, high concentration of a
drug is administered at the OA joint and despite lacking vasculature, soluble drugs can
easily drain through the trans-synovial flow into the lymphatics and to the circulation.
Localized delivery of larger size nanoparticles with longer retention time in the joint
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represents a promising strategy to target the disease site of OA development potentially
eliminating the need for large and repeated doses of therapeutics. In addition, such systems
are highly useful for targeted delivery of therapeutics, such as IL-1Ra, as they provide
longer exposure time for ligand-receptor interactions between the nanoparticles and IL-1
secreting synoviocytes. Future studies will focus on studying the retention of IL-1Ra protein
in rat knee and treatment of OA in rats with induced knee injuries. Our in vivo results, in
combination with the in vitro protein stability data, suggests that the protein remains coupled
to the nanoparticle for at least 14 days. Further in vivo studies are necessary to establish
longer tissue retention and any disintegration of protein-nanoparticle complexes beyond 14
days.

Intra-articular drug delivery is the most direct route for administering drugs and proteins for
arthritis and other joint disorders. However, many of the polymeric materials (e.g.,
poly(lactic-co-glycolic) acid) used for delivery elicit non-specific inflammatory responses
and are limited in the encapsulation/delivery of proteins. A major limitation of localized
delivery is rapid clearance from the intra-articular space. Using protein-polymer complexes
at different weight ratios, we have engineered particles of 500 and 900 nm size and
demonstrated prolonged retention with larger nanoparticles compared to smaller
nanoparticles and bolus protein over a period of 14 days. In addition to the protein:polymer
ratio, we expect that the length and extent of substation of the polymer are important
parameters controlling the size of the resulting nanoparticles. In this study, we did not
observed a significant effect of protein molecular weight or type on the size of the resulting
nanoparticles. Localized delivery of larger size nanoparticles with longer retention time in
the joint represents a promising strategy to target the disease site of OA development
without the need for large and repeated doses of therapeutics. We demonstrate the use of
therapeutic targeting ligand fibronectin, suggesting the use of nanoparticles for targeted
delivery approaches. Finally, these particles can have a wide range of applications for
protein, peptides, and other therapeutic delivery to treat inflammation, diseases like
infections and cancer, and regenerate tissues.[321:[291,[33],[34].[10]

Experimental Section

Synthesis of pHEMA-pyridine

Poly(2-hydroxyethyl methacrylate) (MW 20K, 0.13 g, 1.0 mmol -OH equiv.) and nicotinoyl
chloride hydrochloride (0.21 g, 1.2 mmol) were dissolved in THF (4 mL) and pyridine (2
mL). After the mixture was stirred at room temperature for 24 h, the solvents were removed
under reduced pressure, and then the crude mixture was redissolved in dichloromethane. The
organic layer was washed by water, brine and dried with anhydrous sodium sulfate. The
solution was concentrated under reduced pressure until the final volume reached 1 mL; and
then it was added dropwise to cold ethyl ether.

Nanoparticle preparation and characterization

A solution of pHEMA-pyridine in dimethylformamide (DMF) (2.0 mg mL™1, 0.2 mL) was
slowly added to a solution of endotoxin-free BSA protein (0.60 mg for 900 nm particle and
0.75 mg for 500 nm particles) in PBS buffer (5 mL) while vortexing it gently. The volume
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percentage of DMF was less than 5%. The mixtures were dialyzed against water for 24 h.
Particle stability tests were performed to assess the potential of particles to agglomerate
under serum conditions (1% fetal bovine serum (FBS)) over a period of 14 days. At each
time point (1, 4, 7, and 14 days), particle sizes were measured using a Brookhaven 90 Plus
Particle Size analyzer. The 1% FBS was filtered using a 40 um cell strainer to eliminate
large size clusters of serum proteins that might interfere with the nanoparticle size readings.
For scanning electron microscopy (SEM), nanoparticle suspension (5 L) was dispensed on
a SEM stub, air dried for 2 hours and sputter coated with 5 nm of gold to make the sample
conductive. Imaging was done with a 5 KeV electron beam.

To engineer human plasma fibronectin-loaded nanoparticles, a solution of pHEMA-pyridine
in dimethylformamide (DMF) (2.0 mg mL™1, 0.3 mL) was slowly added to a solution of
human fibronectin (1.2 mg) in PBS buffer (5 mL) while vortexing it gently. For functional
assay, nanoparticles (0.4 mg fibronectin or BSA particles) were suspended in PBS (1 mL)
and HFN7.1 mouse antibody (Developmental Hybridoma Studies Bank, 2 ug/mL) or a non-
specific IgG control mouse antibody (2 ug/mL) was added and incubated for 1 hr at room
temperature. Particles were then washed twice with PBS by centrifugation and then
incubated in Alexa Fluor 488-conjugated anti-mouse 1gG antibody (2 ug/mL). Particles were
washed twice with PBS and fluorescence readings were taken using a Perkin-Elmer HTS
7000 plate reader.

Cytotoxicity assay

RAW 264.7 macrophage cells (ATCC, Manassas, VA) were cultured in Dulbecco’s
Minimum Essential Media (DMEM) supplemented with 10% FBS at 37°C, 5% CO». Cells
(10,000) were seeded on a 96-well tissue culture treated plastic surface and allowed to
adhere overnight. In vitro cytotoxicity assay was performed using a cell metabolic activity
assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay, Promega). Assays were
performed by adding the reagent solution to culture wells and recording the absorbance (490
nm) at after particle incubation of 24 hr. All the experiments were done in groups of 6.

Intra-articular delivery and retention

All procedures were approved by Georgia Tech’s Institutional Animal Care and Use
Committee. Endotoxin-free BSA was conjugated with VivoTag®-S 750 per the
manufacturer’s protocol. Male Lewis rats (10-12 week old, n = 5) received either particles
or soluble protein (50 pL, 500 pg VivoTag®-S 750-BSA) via an intra-articular injection to
the right stifle joint space, while the left stifle received the equivalent volume of saline and
served as a contralateral control. Rats were deeply anesthetized with isofluorane. The hair
was removed from the hind limb surgical sites and the skin, and injections were delivered to
the intra-articular space by palpating the patellar ligament below the patella and injecting the
particle solution through the infrapatellar ligament using a sterile 27-gage 0.5” needle.
Subjects were fully ambulatory following recovery and all injections were well tolerated.
Animals receiving particles or soluble protein were scanned in Fluorescence Molecular
Tomography imaging system (Perkin Elmer). Fluorescence intensity was measured as
background-subtracted average efficiency within a region of interest centered on the knee.
Intensity values over time were analyzed using FMT software. At the end point of the study,
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rats were euthanized by CO, inhalation. Data from each animal were normalized to their
individual day 0 values. The normalized data were fitted using a one-phase exponential
decay using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA).
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Figure 1. Protein complexed pHEM A-pyridine nanoparticles
A) Schematic of nanoparticle self-assembly based on protein/polymer complexation. B)

pHEMA-pyridine was synthesized by reacting pHEMA with nicotinoyl chloride
hydrochloride in tetrahydrofuran and pyridine. C) pHEMA modification was confirmed
by IH NMR.
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Figure 2. Nanoparticle characterization and cytocompatibility
A) Dynamic light scattering sizing of nanoparticles, measured using the refractive index for

water (1.33). B) Scanning electron microscopy (SEM) images of nanoparticles. Scale: 200
nm. C) Particle stability in 1% serum conditions. D) Metabolic activity assay for
cytotoxicity for cells incubated with increasing dose of nanoparticles. E) SEM images of
Fibronectin nanoparticles (FN-NP, Scale: 200 nm) and the functional ability of resulting FN-
NPs in binding to HFN antibody. ANOVA p<0.0001; Pairwise: FN-NP + HFN vs. FN-NP:
p<0.001; FN-NP + HFN vs. FN-NP: p<0.001; FN-NP + HFN vs. FN-NP + 1gG: p<0.01;
FN-NP + HFN vs. BSA-NP + HFN: p<0.001.

Adv Healthc Mater. Author manuscript; available in PMC 2015 October 01.



1duosnuely Joyny vd-HIN 1duosnuely Joyny vd-HIN

1duosnuely Joyny vd-HIN

Singh et al.

A)
o4 N7
‘7/ L] ,)'.'
{ @ ) /)
) ¥
{ / a |
2 "
p/‘}z\r —h)
Intrarticular™, ,_««*
injections "\
1.0 -e— soluble
I -= NP500
-+ NP900

o ) )
» ) ®
L 1 1

Fluorescence (Normalized)
e
N
L

0.0

Days

Day 0

Day 7

Day 14

Soluble
Protein

Nanoparticles
NP 500 nm

Page 11

Nanoparticles
NP 900 nm

L

C)

ow

Half-life

Plateau

Fluorescence (pmol)

Groups

NP500 > soluble
NP900 > soluble
NP500 vs. NP900

NP500 vs soluble
NP900 >. soluble
NP900 > NP500
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750-BSA protein and nanoparticle-complexed protein. B) VivoTag®-S 750-BSA-particles
with 900 nm size show sustained signal compared to 500 nm nanoparticles and soluble BSA.
Photon counts were measured in each rat over 14 days by a FMT imaging system and
normalized to day O photon count for respective rat. The normalized data were fitted using a
one-phase exponential decay. C) Statistics representing comparison of nanoparticles and
soluble protein. Half-life: NP500 > soluble, p<0.025; NP900 > soluble, p < 0.005; Plateau:
NP900 > soluble, p < 0.05; NP900 > NP500, p <0.05.
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