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ABSTRACT

This study describes the in vivo biocompatibility
of intra-articular poly(DL-lactic-co-glycolic acid)
(PLGA) microparticle (MP) formulations in the rat
temporomandibular joint (TMJ). To our knowl-
edge, this is the first intra-articular microparticle-
based drug delivery system for the TMJ. The
impact of PLGA MP concentration on rat TMJ
function was quantified via computerized meal
pattern analysis; in this non-invasive technique,
previously validated markers of TMJ pain or noci-
ception (specifically, meal duration and food
intake) were recorded by computer-monitored pel-
let feeders. Bilateral intra-articular injection of 15,
30, or 50 mg/mL PLGA MPs had no impact on
meal duration or food intake over 6 days, com-
pared with controls that did not receive injections.
Histological analysis showed that the MPs were
retained within the synovial lining. These findings
indicate that the PLGA MPs described herein are
biocompatible and suitable for intra-articular
delivery to the rat TMJ, a finding that has signifi-
cant implications for the improvement of TMIJ
therapeutics.
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INTRODUCTION

emporomandibular joint (TMJ) disorders are a heterogeneous group of

diseases that cause pain (Tanaka et al., 2008), resulting in an estimated
$4 billion per year in treatment costs in the United States. Unlike other joint
diseases, TMJ disorders have a higher incidence in adolescents and young
adults (National Institute of Dental and Craniofacial Research [NIDCR] Data
& Statistics, 2008). Effective pain reduction and restoration of TMJ function
remain unmet challenges (Tanaka et al., 2008; Mountziaris et al., 2009). In
cases of TMJ degeneration, intra-articular injections of corticosteroids and
hyaluronic acid are used to treat pain. However, these intra-articular formula-
tions are complicated by rapid clearance of injected agents, so that frequent
injections are needed, increasing the risk of iatrogenic injury (Tanaka et al.,
2008; Mountziaris et al., 2009). There is a need for sustained-release formula-
tions to alleviate TMJ pain effectively.

Over the past 2 decades, microcarrier-based drug delivery systems, par-
ticularly polymeric microparticles, have been evaluated as novel strategies for
intra-articular controlled release in animal models of knee joint disorders (for
recent reviews, see Butoescu et al, 2009a; Mountziaris et al., 2009).
Poly(DL-lactic-co-glycolic acid) (PLGA) microparticles (MPs) have been
successfully applied for intra-articular controlled release in the knee joints of
rabbits, rats, and mice (Tuncay et al., 2000; Horisawa et al., 2002; Liggins
et al., 2004; Butoescu et al., 2009b). However, to our knowledge, no intra-
articular microparticle-based system has yet been evaluated in the TMJ
(Mountziaris et al., 2009).

In this study, we used an established double-emulsion solvent extraction
technique to generate PLGA MPs previously shown to be capable of con-
trolled release of bioactive molecules, including proteins (Cleek et al., 1997;
Hedberg et al., 2004; Patel et al., 2008). We evaluated the in vivo biocompat-
ibility of these PLGA MPs following bilateral intra-articular injection into rat
TMJs using a non-invasive method, computerized meal pattern analysis. This
technique, whose development was inspired by the painful, impaired eating in
humans with TMJ disorders, has been used to evaluate the effects of various
analgesic agents on TMJ pain or nociception (Harper ez al., 2000; Kerins
et al., 2003, 2004, 2005; Bellinger et al., 2007). Increased meal duration has
been shown to be a specific marker of TMJ pain (Kerins et al., 2005), and
reduced food intake is often associated with this trend, e.g., due to exacerba-
tion of pain by chewing (Harper et al., 2000).

This study addresses the following questions: (i) Are PLGA MPs biocom-
patible in vivo following intra-articular injection into the TMJ, and (ii) what
is the impact of intra-articular PLGA MP concentration on TMJ function? We
hypothesized that all concentrations of intra-articular PLGA MPs would be
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means of a Multisizer3 Coulter Counter
(Beckman Coulter, Fullerton, CA, USA).
MP morphology was observed via scan-
ning electron microscopy (SEM; FEI
Quanta 400 Environmental, Hillsboro,
OR, USA) at 15 kV accelerating voltage,
after the MPs were coated with a thin
layer of gold.

" Microfil with
PLGA
microparticles

Figure 1. Phase-contrast and fluorescence microscopy images indicated successful injection of
fluorescent-dyeloaded PLGA microparticles (MPs) into the superior joint space. In this
representative unstained histological section from a rat euthanized immediately after injection
(2.5x magpnification), (a) the Microfil (solid outline) containing the PLGA MPs is visible within
the superior joint space (dashed outline) via phase-contrast imaging. A higher-magnification
(4x) fluorescent image of this same section confirms that (b) the fluorescent-dye-loaded MPs are
contained within the Microfil (arrow points to an area with MPs), with (¢) individual MPs (white
arrows) visible within the Microfil at 40x magnification. A scanning electron micrograph

(d) of the spherical PLGA microparticles is included for comparison.

well-tolerated in healthy rat TMJs. Our ultimate goal was to
determine the suitability of PLGA MPs for intra-articular sus-
tained release in the rat TMJ.

MATERIALS & METHODS
PLGA Microparticle Preparation and Characterization

PLGA microparticles consisting of a physical blend of 5% w/w
poly(ethylene glycol) (PEG; nominal molecular weight of 4600;
Aldrich, Milwaukee, WI, USA) in PLGA with a copolymer ratio
0f 50:50 (Lakeshore Biomaterials, Birmingham, AL, USA) were
synthesized by a previously described double-emulsion solvent
extraction technique (Cleek et al., 1997; Hedberg et al., 2004;
Patel et al., 2008). For fluorescent MPs, 27 uL of Vybrant Dil
(Molecular Probes, Carlsbad, CA, USA) were added prior to
generation of the first emulsion. To prevent quenching of the
fluorescent dye, we wrapped all vials with aluminum foil and
used indirect lighting. The number-average molecular weight
(M,) of the PLGA 50:50 was 42,500 = 1600 Da, and its polydis-
persity index was 1.53 £ 0.03, determined via gel permeation
chromatography (n = 3 samples; Phenogel Linear Column,
Phenomenex, Torrance, CA, USA; Differential Refractometer
410, Waters, Milford, MA, USA) with a polystyrene standard
curve (Fluka, Switzerland). MP diameter was determined by

In vivo Microparticle Localization

All rat studies were approved by the
Institutional Animal Care and Use
Committee and adhered to the National
Institutes of Health guidelines. Before
assessing the impact of intra-articular
MPs on TMIJ function, we conducted a
pilot study to localize the MPs immedi-
ately after injection. Pre-weighed fluo-
rescent PLGA MPs were sterilized via
exposure to ethylene oxide gas for 14
hrs, aired out for 24 hrs, and then sus-
pended at 50 mg/mL in Microfil
(Flowtech, Carver, MA, USA), which
was prepared in a 4:5 Microfil:diluent
volume ratio with 5% v/v curing agent.
Two adult male Sprague-Dawley rats
(Harlan Industries, Houston, TX, USA)
(250-300 g) were anesthetized with iso-
flurane (5% v/v in oxygen) and received
bilateral 50-uL TMJ injections in the
superior joint space as previously
described (Harper et al., 2000; Kerins
et al., 2005; Bellinger et al., 2007). All rats were euthanized
immediately afterward with a carbon dioxide overdose. The
Microfil was then allowed to cure for 3-4 hrs, so that it would
encase the fluorescent dye-loaded PLGA MPs. Each TMJ was
then removed en bloc, fixed in 10% v/v formalin for 2 days, and
embedded in acrylic. Tissue sections (500 um) were not stained,
to prevent quenching of the fluorescent dye. Phase-contrast and
fluorescence (excitation, 515-575 nm; emission, 560-680 nm)
images were captured by means of a Nikon Eclipse 80i micro-
scope (Melville, NY, USA) with a Photometrics CoolSNAP K4
camera (Tucson,AZ, USA)and Metamorph software (Sunnyvale,
CA, USA).

Meal Pattern Analysis

We housed 35 healthy adult male Sprague-Dawley rats (Harlan
Industries, Indianapolis, IN, USA) (250-300 g) in previously
described computer-activated pellet feeder cages (Harper et al.,
2000; Kerins et al., 2005). After 2 days to acclimate, 32 rats
received bilateral 50-uL. TMJ injections as described above. The
injected material consisted of 15, 30, or 50 mg sterile PLGA
MPs (n = 8 rats/group) per mL of sterile 10% v/v Tween 80
(Sigma, St. Louis, MO, USA) in normal (0.9% w/v) saline. Tween
80 was necessary to prevent MP aggregation, which enabled
aspiration and injection to be carried out with a fine-bore
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(25-gauge) needle that minimized iatro-
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The MPs had a diameter of 22 = 7 um
(mean = standard deviation; n = 1500
MPs). SEM imaging (Fig. 1d) confirmed
that they had spherical morphology and
size consistent with Coulter counter measurements.

In vivo Microparticle Localization

Injections of the fluorescent-dye-loaded PLGA MPs were suc-
cessfully made into the superior joint space of the TMJ. The
hardened Microfil (Fig. 1a, solid outline) held the MPs in place
within the superior joint space (Fig. la, dashed outline) during
tissue processing. By fluorescence microscopy, the dye-loaded
microparticles were visible within the pores of the Microfil (Fig.
1b), and individual MPs could be resolved at higher magnifica-
tion (Fig. 1c).

Impact of Intra-articular Microparticles
on Meal Patterns

Intra-articular injection of PLGA MPs did not significantly
increase (p > 0.05) meal duration (Fig. 2a) or decrease (p > 0.05)
food intake (Fig. 2b) compared with baseline. These findings are

Figure 2. (continued on next page)

particularly striking when compared with the “Inflamed TMJ *”
values (Figs. 2a, 2b), which represent the previously reported
response following bilateral injection of complete Freund’s
adjuvant (CFA). The 0 mg/mL PLGA control differed signifi-
cantly (p < 0.05) from the 15 and 50 mg/mL PLGA groups in
terms of meal duration (Fig. 2a), and from the 30 mg/mL PLGA
group in terms of food intake (Fig. 2b). However, none of the
groups (Figs. 2a, 2b) differed significantly from the “No injec-
tion” control (p > 0.05).

In vivo Biocompaitibility of Intra-articular
Microparticles

Injection of the carrier solution induced a mild inflammatory
infiltrate, and no additional tissue reaction was observed in the
15, 30, or 50 mg/mL PLGA groups. The MPs were embedded
within the posterior synovial tissue (arrows, Fig. 3) and were
surrounded by leukocytes (hematoxylin-stained blue nuclei,
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Figure 2. Intra-articular microparticles did not induce TMJ pain or nociception, based on (a) meal
duration and (b) food intake measurements for 2 days prior to and é days following intra-artficular
injection of 15, 30, or 50 mg/mL PLGA microparticle formulations (abbreviated “PLGA"). A
dashed line indicates the time of injection. The upper panels of both (a) and (b) depict the 2
control groups, consisting of rats that did not receive any injections (“No injection”), and rats
where only the carrier fluid was injected (“O mg/mL PLGA”). (a) Meal duration differed sig-
nificantly between the O mg/mL PLGA group and both the 15 mg/mL PLGA and 50 mg/mlL
PLGA groups (p < 0.05; indicated by #). However, none of the groups differed from the “No
injection” negative control (p > 0.05). Meal duration data from a previous study where rat TMJ
inflammation was induced via bilateral injection of a pro-inflammatory agent (15 pg CFA/joint;
“Inflamed TMJ *” group) are included in (a) for comparison. In that study, a significant increase
(p < 0.05) in meal duration was observed compared with the baseline pre-injection value (Bellinger
et al., 2007). None of the groups in this study showed a significant increase in meal duration
compared with baseline (p > 0.05). (b) Food intake differed significantly (p < 0.05) between
the 30 mg/mL PLGA group and both the 15 mg/mL PLGA experimental group and the O mg/
mL PLGA control group. However, none of the groups differed from the “No injection” negative
control (p > 0.05). Food intake results from a previous study where rat TMJ inflammation was
induced via bilateral injection of a pro-inflammatory agent (300 pg CFA/joint; “Inflamed TMJ
*" group) are included in (b) for comparison. In that study, a significant decrease (p < 0.05) in
food intake was observed compared with the baseline pre-injection value (Harper et al., 2000).
None of the groups in the present study showed a significant decrease in food intake compared
with the baseline values (p > 0.05). Values for each group are expressed as a percentage of the
average pre-injection value. Datapoints represent the mean + standard error of the mean for n =
8 rats (or n = 3 rats in the “No injection” group). Error bars are included for all groups, though
they are too small to resolve in some cases. Groups that differ significantly (p < 0.05) from “O
mg/mL PLGA” are indicated by #.
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Figs. 3b, 3c) that often had the nuclear
morphology of macrophages.

DISCUSSION

In this study, we report the development
and in vivo biocompatibility of a PLGA
MP formulation for intra-articular drug
delivery in the rat TMJ. Although micro-
particle-based controlled-release sys-
tems exist for various applications, to
our knowledge, this is the first such sys-
tem for intra-articular delivery in the
TMIJ. Due to the lack of previous data
regarding the TMJ tissue response to
such systems (Mountziaris et al., 2009),
this study utilized blank PLGA MPs
injected into healthy rat TMJs. Another
reason for this cautious approach was
the unfortunate history of early alloplas-
tic (Proplast-Teflon) TMJ implants,
whose susceptibility to mechanical fail-
ure gave rise to Teflon microparticles
that triggered severe immune reactions
and catastrophic TMJ damage (Mercuri
and Giobbie-Hurder, 2004).

PLGA MPs were selected based on
their successful intra-articular applica-
tion in rodent and rabbit knees (Tuncay
et al., 2000; Horisawa et al., 2002;
Liggins et al., 2004; Butoescu et al.,
2009b). Although knee joint results can-
not be directly applied to the TMJ, due
to significant differences between the
two joints (Herring, 2003), we hypothe-
sized that the tissue response would be
similar in both cases. MPs (22 + 7 um
diameter; Fig. 1d) were selected over
smaller particles based on a previous
report that similar PLGA MPs (27 + 9
pm diameter) were retained in rat knee
joint synovial tissue, while PLGA
nanoparticles (265 + 15 nm) were not.
The nanoparticles were phagocytosed by
macrophages responding to the injury
associated with injection. Within a week,
these macrophages migrated away from
the synovial lining, taking the nanopar-
ticles along (Horisawa et al., 2002). We
chose MPs to maximize retention within
the TMJ. At the same time, PLGA MP
diameter was kept small (~20 pum) to
facilitate delivery with the thin needle
necessary to minimize iatrogenic injury.

The ability to deliver a high concen-
tration of microparticles is important for
establishing a depot capable of deliver-
ing a sufficient drug dose. The highest
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dose of MPs (50 mg/mL) was the maxi-
mum achievable suspension that could
be reproducibly aspirated and delivered
via the 25-gauge needle necessary for rat
TMJ injections. This concentration
exceeds values of intra-articular PLGA
MPs delivered in saline to rodent knees
(Horisawa et al., 2002; Butoescu et al.,
2009b), and is similar to PLGA MP
doses delivered to much larger joints,
e.g., rabbit knees (Liggins et al., 2004).
The high PLGA MP concentrations
achieved in our study may be due to the
addition of Tween 80, which reduced

Intra-articular Microparticles for the TMJ

MP aggregation and facilitated intra-

articular delivery. This agent is already
approved by the United States Food and
Drug Administration (FDA) as an inac-
tive component of intra-articular injec-
tion formulations (Polysorbate 80,
2009). Injection of 50 pL of the 50 mg/
mL formulation resulted in intra-articu-
lar delivery of 2.5 mg of PLGA MPs per
TMIJ. This amount, together with drug
loading efficiency, is an important design
parameter for future studies with drug-
loaded MPs, since it will determine the
maximum achievable drug dose.

Injection of 15, 30, or 50 mg/mL
PLGA MPs caused no additional tissue
reaction after 1 wk, compared with the
carrier solution alone. The mild inflam-
matory infiltrate observed (Fig. 3) is
consistent with the rat and rabbit knee
response 1 wk after injection of 40-75
mg/mL PLGA MPs (Horisawa et al.,
2002; Liggins et al., 2004). Future stud-
ies will probe the long-term biocompatibility of intra-articular
PLGA MPs in the TMJ. The localization of the MPs within the
adipocyte-rich posterior TMJ synovial tissue (Fig. 3) is consis-
tent with reports for PLGA MPs in rodent knees (Horisawa
et al., 2002; Butoescu et al., 2009b) and has been attributed to
the hydrophobicity of the polymer (Nishide ef al., 1999). The
biocompatibility of the MPs is underscored when compared
with rat TMJ response to CFA injections, which resulted in
severe inflammation that was worst in the posterior synovial
tissue adjacent to the TMJ vasculature (Harper et al., 2000), the
same anatomical region where the PLGA MPs were localized in
the present study. PLGA MPs within the TMJ synovium were
surrounded by inflammatory cells (blue nuclei in Figs. 3b, 3c),
as reported for rodent and rabbit knees, where PLGA MPs that
were too large to be phagocytosed were instead enveloped by
macrophages (Horisawa et al., 2002; Butoescu et al., 2009a,b).
Future studies will build upon these promising findings, to
determine whether PLGA MPs are also biocompatible in the
diseased TMJ.

Figure 3. Representative images from the 30 mg/mL PLGA group indicating (a) the location of
the PLGA MPs (arrows), which were primarily embedded within the synovial tissue lining the
posterior surface of the superior joint space, adjacent to the TMJ vasculature. The specific MPs
identified in (a) are shown at higher (40x) resolution in (b) and (c), again indicated by arrows.
The MPs were surrounded by inflammatory cells (blue nuclei), but were too large to be
engulfed by these cells. All histological sections shown were stained with hematoxylin and
eosin. The 50-pym error bar in (c) also applies to (b). The original magnification of (a) was 2.5x.

Computerized meal pattern analysis has been extensively vali-
dated in rat TMJ disorder models (Harper et al., 2000; Kerins et
al., 2003, 2004, 2005; Bellinger et al., 2007). The use of this non-
invasive method of quantifying TMJ pain or nociception enabled
us to make repeated measurements of each rat. Remarkably, the
PLGA MP formulations had essentially no effect on meal duration
(Fig. 2a) and food intake (Fig. 2b), both markers of TMJ nocicep-
tion. Although some groups differed from the 0 mg/mL PLGA
(carrier solution only) control, these statistical differences are
unlikely to be scientifically significant, because the magnitude of
the difference is extremely small when compared with the
changes induced by inflammatory agents (“Inflamed TMJ *”
group in Figs. 2a, 2b). Moreover, none of the groups differed from
the “No injection” negative control (p > 0.05).

In this work, we report the in vivo biocompatibility of PLGA
MPs for intra-articular sustained release in the rat TMJ. We
found that bilateral intra-articular injection of 15, 30, or 50 mg/
mL PLGA MPs had no impact on rat TMJ function over 6 days,
as determined by histology and computerized meal pattern
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analysis. This highlights the exciting potential of these formula-
tions to serve as the first intra-articular controlled-release sys-
tem for the TMJ, and thus greatly improve TMJ therapeutics.
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