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ABSTRACT

Purpose : To develop a bio-assay for measuring long-term bio-
activity of released anti-inflammatory compounds and to test the
bioactivity of celecoxib (CXB) and triamcinolone acetonide (TA)
released from a new PLGA-based microsphere platform.
Methods : Human osteoarthritic chondrocytes were plated ac-
cording to standardized procedures after batch-wise harvest and
cultured for 3 days to prevent cell confluency and changes in cell
behaviour. Prostaglandin E2 (PGE;) production stimulated by
TNFa was used as a parameter of inflammation. A novel micro-
sphere platform based on PTE-functionalised PLGA was used to
incorporate CXB and TA. Loaded microspheres were added to
transwells overlying the cells, with transfer of the wells to new cell
cultures every 3 days. Inhibition of PGE, production was deter-
mined over a period of 21 days.

Results : PLGA(75:25)-PTE microspheres were prepared and
loaded with CXB and TA at 86 and 97% loading efficiency,
respectively. In the bioactivity assay, PGE; levels induced by TNFa
were reduced to an average of 30% using microspheres loaded
with 0. nmol CXB per transwell; with microspheres loaded with
0.1 nmol TA, PGE, production was initially reduced to 3% and
gradually recovered to 30% reduction. At | nmol loading, PGE,
was inhibited to 0-7% for CXB-loaded microspheres, and 0—
28% for TA-loaded microspheres.
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Conclusions : We present a novel sustained release bioactivity
assay which provides an essential link between in vitro buffer-
based release kinetics and in vivo application. Novel PLGA-based
microspheres loaded with TA and CXB showed efficient anti-
inflammatory effects over time.

KEY WORDS celecoxib - chondrocytes - PGE, - PLGA-PTE
microspheres - triamcinolone acetonide

ABBREVIATIONS

CXB Celecoxib

Mn Number-average molecular weight
Mw Weight-average molecular weight
OA Osteoarthritis

PBS Phosphate buffered saline

PDI Polydispersity index

PGE, Prostaglandin E2

PLGA-PTE  Poly(lactic-co-glycolic acid) with poly(thioester)
linkages

TA Triamcinolone acetonide

TNFa Tumor necrosis factor alpha

INTRODUCTION

With the ageing of the population in industrialized countries,
the incidence of wear-related disease is ever increasing. In
particular, degenerative diseases of the musculoskeletal system
impose a huge burden on the society (1). Of these, osteoar-
thritis (OA) and low back pain associated with intervertebral
disc degeneration are major degenerative musculoskeletal
diseases (2, 3). In the United States, for example, 12.1% of
the Americans aged 25—74 years are affected with OA, where-
as a 26.4% prevalence of low back pain was found in the
population aged 18-74 years (2, 4).
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Although the etiology of OA and disc degeneration is still
largely unknown, inflammatory mediators are suggested to
correlate to the initiation or maintenance of tissue degenera-
tion and the consequent symptoms (5, 6). As no real cures are
available as yet, common strategies for treating the symptoms
of joint diseases consist of the use of either non-steroidal anti-
inflammatory drugs (NSAIDs) or corticosteroids, mainly for
pain relief (7, 8).

In spite of their effectiveness, systemic administration of
these anti-inflammatory compounds has several disadvan-
tages. As clearance of systemically administered drugs is fast,
continuous administration at high doses is required. In addi-
tion, several side effects are reported. For instance, celecoxib
(CXB) may cause gastrointestinal and cardiovascular side
effects (9), and the use of corticosteroids in patients with
rheumatoid arthritis has been suggested to induce bone loss
and hyperglycemia (10, 11).

These side effects are mostly related to the systemic burden
caused by the route of administration of these drugs, usually
orally, and may be avoided by local administration (12). Local
administration could achieve therapeutic concentrations in situ
while maintaining low systemic levels and also reduce the risk
of drug-drug interactions (13). Intra-articular and intra-discal
corticosteroid injections, used for treatment of chronic pain,
have indeed shown positive but invariably temporary results
(14, 15) which were most likely due to fast clearance in situ.
Therefore, a delivery method allowing for sustained local
release of these drugs will reduce systemic drug levels and
prolong their presence, hence minimizing side effects and
ultimately prolonging clinical effects.

A common delivery method is based on the use of particles
releasing encapsulated active compounds. In induced arthritis
models, intra-articular administration of liposomes loaded
with triamcinolone acetonide (T'A) showed a prolonged local
delivery compared to free drug (16). Chitosan particles encap-
sulating CXB showed a limited capacity to diminish the
number of arthritic lesions in rats with induced arthritis(17).
Sustained release of cortisol from liposomes in patients with
rheumatoid arthritis has also been reported in a case study
showing improvements in the Ritchie articular index (18).

In vitro release kinetics of therapeutic agents typically is
determined to further tailor and adjust the biomaterial prop-
erties of sustained release vehicles before their final application
in vivo. However, release kinetics is usually determined in
aqueous media such as PBS or saline. Even if physiological
pH and osmolarity can be controlled, the results do not
provide information on the bioactivity of the released thera-
peutic agents. The total absence of proteins in these assays
typically would not provide information on the effects of
binding occurring in vivo by body fluid proteins, especially
occurring with hydrophobic small molecules. Binding to plas-
ma proteins does not only affect pharmacokinetics and phar-
macodynamics, but also the biological activity of a drug (19).

Therefore, bioactivity-based in vitro assays are required to
show the efficiency and applicability of such release systems.
The aim of the current study, was to develop such a bioactivity
assay based on TNFo —stimulated OA chondrocytes and use
this assay to evaluate the applicability of a new PLGA-PTE-
based microsphere platform. Addition of thioester bonds al-
lows for functionalization of the polymer chains (20, 21),
hence enabling tissue- or cell-specific targeting, which would
further fine tune the biological activity of compounds incor-
porated. This platform was subsequently tested for its capacity
to release CXB or TA for a period of 21 days using the new
bioassay.

MATERIALS AND METHODS
Synthesis and Characterization of PLGA-PTE Polymer

The copolymers of D-, L-lactide and glycolide coupled with
poly(thioester) linkages (PLGA-PTE) were synthesized accord-
ing to the method described previously (22). In brief, the
synthesis is composed of three steps. PLGA diol was first
synthesized with D-; L-lactide, glycolide (Purac Biomaterials,
Gorinchem, The Netherlands) and diethylene glycol (Sigma-
Aldrich, St. Louis MO, USA) before being converted to
PLGA diene using pentenoyl chloride (used as received). At
last, PLGA-PTE was synthesized by photo curing PLGA
diene with dithio adipic acid (DSM, Heerlen, The Nether-
lands) under UV irradiation. The degree of conversion in
each step was determined by 'H NMR.

The number-average molecular weight (Mn), weight-
average molecular weight (Mw), and polydispersity index
(PDI) of the polymer was determined using Gel Permeation
Chromatography (GPC). GPC was performed on a Waters
515 HPLC pump (Waters Corporation, Milford, MA, USA),
a Waters 410 differential refractometer and a Severn Analyt-
ical SA6503 Programmable Absorbance Detector (Severn
Analytical, UK) equipped with a Waters Styragel columns
(HR 2, 3, 4 and 5, Waters) using tetrahydrofuran (THF)
(VWR, Radnor, PA, USA) as mobile phase at a flow rate of
1 ml/min. The polymers were dissolved in THF and calibrat-
ed against FasiCal polystyrene standards (Agilent Technolo-
gies, Santa Clara, CA, USA).

CXB- and TA-Loaded PLGA-PTE Microspheres

The microspheres were prepared by a double emulsion tech-
nique (23). For compound encapsulation, approximately
20 mg of CXB (Woburn, MA, USA) or TA (Sigma-Aldrich)
was dissolved together with 200 mg of the PLGA-PTE poly-
mer in 8 mL of dichloromethane (Merck, Darmstadt, Germa-
ny). To this solution 300 pL de-ionized water was added and
this mixture was vortexed (3,000 rpm, 30 seconds) to obtain
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an O/W emulsion. The emulsion was immediately trans-
ferred to a 50 mL spinner flask (Bellco glass) loaded with an
aqueous solution consisting of 40 ml polyvinyl alcohol (1%w/
v) (Sigma-Aldrich) and stirred (300 rpm) for 16 hours to
evaporate the dichloromethane. Subsequently, the particles
were spun down. The pellet was washed three times with de-
1onized water and lyophilized to yield the microspheres as a
white solid. Microspheres were sterilized with 25 K Gy gam-
ma radiation while cooled by dry ice. In addition to hydro-
phobic therapeutic compounds shown in the study, the novel
platform of PLGA-PTE microspheres could also allow encap-
sulation of hydrophilic drugs owing to the addition of water
during the preparation of loading the compounds to
microspheres.

Size Distribution of Microspheres

The particle size of loaded-microspheres was analyzed using
laser diffraction (Mastersizer MS2000, Malvern Instruments
Ltd, Worcestershire, United Kingdom), by which volume
mean diameters and particle size distributions (denoted as
span) were measured. Water was used as dispersant. Mor-
phology of the microspheres was documented by scanning
electron microscopy (SEM) (Phenom-World, Eindhoven,
The Netherlands).

Loading Efficiency of CXB and TA into Microspheres

To determine the loading efficiency of the CXB- and TA-
loaded microspheres, the active compound was extracted and
quantified by reversed phase HPLC. For compound extrac-
tion, 20 mg of compound-loaded microspheres was dissolved
in 1 mL DMSO. Subsequently, 9 mL of methanol (Merck)
was added to precipitate the polymer and the suspension was
shaken for 30 min. The residue was filtered and the amount of
active compound was analyzed by reversed phase HPLC
using a Waters 2695 Controller equipped with a UV/VIS
detector (Waters Corporation). Drug quantification analyses
were performed on a Zorbax eclipse XDB C18 column (4.6 X
150 mm, particle diameter 5 pm, pore size 80 A) (Agilent
Technologies). For CXB, the mobile phase used was metha-
nol/HyO 75:25 (v/v) at a flow of 1.25 mL/min (24). The run
time for the assay was 10 min and the absorption was mea-
sured at 254 nm. The mobile phase for TA measurements was
methanol/HoO/H3PO5 75:25:0.5 (v/v/v) at a flow rate of
I mL/min (25). The run lasted 7 min and the absorbance
was measured at 240 nm.

Release Kinetics in Aqueous Media
CXB- and TA-loaded microspheres were suspended to an

amount of 10 mg/ml in 3 ml Dulbecco’s phosphate-buffered
saline (PBS) without Ca**, Mg*" (pH 6.9) (Biochrom AG,
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Berlin, Germany) to simulate the pH in a mildly degenerated
joint (26, 27). Additionally 0.02% sodium azide (Sigma-
Aldrich) was added to the saline. To increase the solubility
of the active compounds in aqueous media, 0.2% of Tween-
80 (Sigma-Aldrich) and 0.2% of SDS (Sigma-Aldrich) were
added respectively to the release media for CXB- and TA-
loaded microspheres (28, 29). The suspensions were incubated
at 37°C with gentle shaking. At each time point, I mL buffer
was collected for analysis and replaced by fresh buffer. The
amount of compound in the collected buffer was determined
by reversed phase HPLC. The samples for CXB measure-
ment were stored at 4°C and samples for TA measurement
were stored at room temperature (to prevent precipitation)
until analysis. Triplicates were included in each condition.

Cell Isolation and Culture

Articular cartilage was harvested from knee joints derived
from patients undergoing arthroplasty. Anonymous use of
redundant tissue for research purposes is part of the standard
treatment agreement with patients in the University Medical
Center Utrecht (30). Chondrocytes were 1solated by a 3 hours
enzymatic digestion in 0.1% pronase (Roche, Mannheim,
Germany), followed by an overnight enzymatic digestion in
0.04% collagenase type 2 (Worthington Biochemical, Lake-
wood, NJ, USA) at 37°C. Undigested debris was removed
using a 70 pm- cell strainer (Becton Dickson, Franklin Lakes,
USA). The resulting suspension of cells was washed in PBS
and centrifuged. Afterwards, the cells were re-suspended in
expansion medium consisting of DMEM (Gibco® Life Tech-
nologies, Carlsbad, CA, USA) containing 4.5 mg/ml glucose,
0.8 mg/ml glycyl-L-glutamine, supplemented with 10% fetal
bovine serum (FBS) (HyClone® Thermo Fisher Scientific,
Waltham, MA, USA), 100 U/ml penicillin, 100 pg/ml strep-
tomycin (Gibco® Life Technologies) and supplemented with
10 ng/mL basic fibroblast growth factor (bFGF) (R&D Sys-
tems, Minneapolis, MN, USA). The cells were cultured at 37
and 5% CO,. The culture medium was renewed every 3—
4 days. At passage two, cells were frozen in aliquots of 1
million per vial in freezing medium, containing 10% DMSO
(Merck) and 20% FBS in DMEM. For each release experi-
ment, cells of the same donor were used at each of the
successive time intervals.

Release and Bioactivity in TNFa-Stimulated
Chondrocyte Culture

One day before the experiment, cells were thawed and seeded
onto a 24-well culture plate, at a density of 40,000 cells per
well. Cells were cultured in medium containing DMEM (in-
cluding glucose and glycyl-L-glutamine), 10% FBS and anti-
biotics; on the next day, the medium was renewed before
starting the experiment. PLGA-PTE microspheres with



Novel Bioassay for Anti-Inflammatory Action of Released CXB/TA

683

PLGA 75:25 were used for the experiment. Both non-loaded
or loaded PLGA-PTE microspheres with GXB or TA were
dispersed in culture medium and placed in Transwell® bas-
kets (0.4 um pore size, polycarbonate membrane) (Corning,
Amsterdam, The Netherlands). In transwell baskets, the re-
suspended microspheres were washed once in culture medium
before being transferred to each well with cells seeded the day
before. Cells and microspheres were co-incubated for 4 hours
at 37°C, at 5% COq and 95% humidity. Subsequently, tumor
necrosis factor alpha (TNFa) (eBioscience, San Diego, CA,
USA) was added at a final concentration of 10 ng/ml to the
culture medium.

To study the effect of microspheres on modulating cellular
response when stimulated with TNFa, 5 pg of non-loaded
microspheres was used. For determining bioactivity of re-
leased compounds, microspheres containing 0.1 or 1 nmol
of therapeutic compounds were used. This corresponds to
0.5 pg or 5 pg of CXB-containing microspheres, and
0.55 pg or 5.5 pg of TA-containing microspheres. PLGA-
PTE microspheres added at a total of 0.1 nmol or 1 nmol
loading of CXB are denoted as CXB(0.1)—microspheres or
CXB(1)—microspheres. This principle of denotation applies
to T'A-loaded microspheres as well. According to the release
kinetics in PBS, the expected concentration of the anti-
inflammatory compounds released from loaded microspheres
was calculated to be 0.01 nmol and 0.1 nmol, equivalent to
0.01 and 0.1 uM in 1 mL culture medium, within the first
24 hours. 5 pg of non-loaded microspheres was used as a
control.

For bioactivity determination, cells and microspheres were
co-incubated for 72 hrs before the microspheres were trans-
ferred to another new 24-well culture plate containing cells
seeded according to the procedure described above. This
procedure was repeated 6 times amounting to a release period
of 21 days. Cells treated with 0.01 and 0.1 nmol CXB or TA
(equivalent to 0.01 and 0.1 pM in 1 mL culture medium), as a
single dose, to the medium were included as comparisons at
cach time interval. Each condition was analyzed in 4 repli-
cates (n=4) and experiments were performed for 3 different
donors. Results shown are from one representative donor.

At every 72 hours time point medium was collected and
cells were lysed in KDalert™ Lysis Buffer (Ambion®, Life
Technologies). Samples were stored at —80°C untl further
analysis if not used immediately.

Viability Analysis

Cytotoxicity of PLGA-PTE microspheres was examined by
measuring lactate dehydrogenase (LDH) secreted in to culture
medium from cells using the Cytotoxicity Detection Kit" "
(Roche Applied Science) according to the manufacturer’s
instruction. The colorimetric signals were measured at
490 nm subtracted by a background reference at 655 nm,

using a Benchmark Microplate Reader (Bio-Rad Laborato-
ries, Hercules, CA, USA).

PGE; Release Measurement

Cell culture medium was collected at each time point and
stored at —80°C; samples were brought to room temperature
immediately prior to PGEy; measurement. The amount of
PGE; in the samples was measured using the enzyme immu-
noassay Prostaglandin Eo Parameter Assay Kit (R&D Sys-
tems) following the manufacturer’s instructions. The colori-
metric intensity was determined using the Benchmark Micro-
plate Reader (Bio-Rad) at 450 nm. The readings were
subtracted at 540 nm. The concentration of PGE, in the
samples was determined by using a calibration curve. PGE,
amount was normalized to DNA content. For determining
bioactivity of released anti-inflammatory compounds on cel-
lular PGE, levels, normalized PGE, amount was further
compared to controls in which cells received TNFa only.
The average values of controls were set to be 100%.

DNA Content Measurement

The DNA content from each cell lysate was measured using
the Quant-T"™ PicoGreen® dsDNA Kit (Life Technologies)
following the manufacturer’s instruction. The fluorescent sig-
nal was measured using a FlexStation® 3 Benchtop Multi-
Mode Microplate Reader (Molecular Devices, Downingtown,
PA, USA) at Ex/Em 485/538 nm.

Statistics

Statistical analysis was performed using SPSS 20 software
(SPSS Inc., Chicago, IL, USA). Results are presented as
meantstandard deviation. Statistical significance was consid-
ered when p values were less than 0.05. Differences in PGEy
production between released CXB and free CXB solution
and differences between released TA and free TA solution
were determined by univariate analysis of variance using a
randomized block design. A post-hoc test with Bonferroni
correction was applied when 4 conditions were compared to
cach other.

RESULTS
Synthesis of PLGA-PTE
PLGA copolymers containing thioester bonds were charac-

terized by "H NMR. The general chemical structure of the

polymers is shown in Fig. 1. Characteristics of the final prod-
ucts are summarized as PLGA(50:50)-PTE "H-NMR
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PLGA-PTE
Fig. | Chemical structure of PLGA-PTE analyzed by 'H-NMR.

(300 MHz, CDCl;, TMS): & (ppm)=5.31-5.15 (m, 37H,
CH(lac)); 4.95-4.61 (m, 74H, CHy(gly); 4.31 (m, 4H, —
(C=0)OCH,CH,O—); 3.69 (m, 4H, —(C=0)OCH,CH,.
O—); 2.86 (t, 4H, —(C=0)SCH,CH,CH,CH,—); 2.51
(m, 8H, —(C=0)CH,CH,CH,CH,(C=0)—); 2.55-2.38
(m, 8H, —(C=0)SCH,CH,CH,CH,—); 1.90-1.43 (m,
127H, CHs(lac), —(C=0)CH,CH,CH,CHy(C=0)—
and —(C=0)SCH,CH,CH,CH,—); GPC: Mn=
13.7 kDa,, Mw=29.3 kDa, PDI=2.14.

PLGA(75:25)-PTE "H-NMR (300 MHz, CDCl;, TMS): &
(ppm)=5.34-5.02 (m, 71H, CH(lac)); 4.91-4.59 (m, 44H,
CHa(gly)); 4.30 (m, 4H, —(C=0)OCH,CH,O—); 3.69 (m,
4H, —(C=0)OCH,CH,0—); 2.88 (t, 4H, —(C=0)SCH,.
CH,CH,CH,—); 2.51 (m, 8H, —(C=0)CH,.
CH,CH,CH,(C=0)—); 2.65-2.29 (m, 8H, —
(C=0)SCH,CH,CH,CH,—); 1.91-1.35 (m, 233H,
CHs(lac), —(C=0)CH,CH,CH,CH,(C=0)— and —
(C=0)SCH,CH,CH,CH,—); GPC: Mn=13.5 kDa,,
Mw=26.9 kDa, PDI=2.0.

Characteristics of CXB- and TA-Loaded Microspheres

The spherical particles prepared by the w/o/w method re-
sulted in a mean diameter ranging from 40 to 55 pm when
loading with CXB, and a mean diameter less than 40 pm
when TA was loaded. For determining the loading efficiency
of loaded microspheres, DMSO was first used to dissolve the
polymer; the subsequent addition of methanol was used to
completely dissolve CXB or TA, and yet to precipitate the
polymer. Prior to HPLC analysis, the residue was filtered in
order to remove possible residuals of polymer which might
interfere with the measurement. The CXB loading was 7%
for PLGA(50:50)-PTE and 8% for PLGA(75:25)-PTE, which
correspond to 76% and 86% loading efliciency, respectively.
In the case of TA, loading was 11% for PLGA(50:50)-PTE
and 9% for PLGA(75:25)-PTE, corresponding to 96% and
97% loading efficiency, respectively. Characteristics of loaded
microspheres are summarized in Table I. A SEM image of
non-loaded PLGA-PTE microspheres is shown in Fig. 2.

Release Kinetics in PBS

The release kinetics of encapsulated CXB and TA were
monitored for up to 16 and 10 weeks, respectively (Fig. 3).
As the final aim was to investigate the bioactivity of micro-
spheres loaded with therapeutically relevant doses, high

@ Springer

R=H or CH3

loading was chosen. The release rate of CXB from either
PLGA(50:50)-PTE or PLGA(75:25)-PTE was faster in the
first 14 days during which 50% of the encapsulated CXB
was released. No significant difference between the release
profiles of the two PLGA types was noticed within the first
28 days. However, the release rate of CXB decreased gradu-
ally afterwards and differed between the two PLGA types.
Overall, a complete release of CXB was measured by day 55
and day 110 from PLGA(50:50)-PTE and PLGA(75:25)-
PTE, respectively. As the release of CXB was more sustained
from PLGA(75:25)-PTE, the release profile of TA was only
tested for this polymer ratio. For TA release the overall release
rate 1s higher than for CXB, with a 50% release of TA from
PLGA(75:25)-PTE measured within the first week. By day 28,
over 90% of encapsulated TA was released (Fig. 3).

Viability

No cytotoxicity was found in any of the conditions. At day 3
and day 21, viability of cells co-incubated with microspheres
encapsulating anti-inflammatory compounds measured over
99% (data not shown).

Inhibition of PGE; Production in TNFa-Stimulated
Chondrocytes by Sustained Release of CXB and TA

The set up of the in vitro bioassay for evaluating the anti-
inflammatory activity of the released CXB and TA is present-
ed schematically in Fig. 4. P2 osteoarthritic chondrocytes
produced low basal levels of PGEs; stimulation of cells by
adding TNFo increased PGE; levels 2-5 fold (Fig. 5a). Addi-
tion of non-loaded microspheres did not affect PGE, produc-
tion (Fig. 5a), even at later time points (data not shown).
Addition of CXB(0.1)—microspheres to TNFa-stimulated
cell cultures reduced PGE, production to an average of 30%

Table | Characteristics of Celecoxib (CXB)- and Triamcinolone Acetonide
(TA)-Loaded Microspheres with PLGA(50:50)-PTE or PLGA(75:25)-PTE

PLGA-PTE Compound Yield Loading Loading Average  Span

Ratio L'G  loaded (%) efficiency (%) (W%)  diameter

(L)
50:50 CXB 75 76 7 40.3 0.82
75:25 CXB 67 86 8 54.6 [.15
50:50 TA 73 96 Il 36.8 0.79
75:25 TA 70 97 9 38.1 0.76
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Fig. 2 Scanning electron microscopic (SEM) image of spherical PLGA-PTE
microspheres.

of controls, with variable inhibition over the entire release
period (Fig. 5b). Also 0.01 nmol free CXB (0.01 uM) seemed
to show similar variable effects on PGE, level. With CXB(1)—
microspheres, a consistent and steady inhibition to 0-7% of
controls was found. At each time point, the efficacy of the
CXB released from CXB(1)—microspheres was comparable
to the 0.1 nmol free CXB (0.1 pM) added directly to the
culture medium at each 3-day interval (p>0.05; Fig. 5b).
When using TA(0.1) —microspheres, the PGE, level was
reduced to 3% until day 6, yet the PGE, increased again
from 26 to 74% in the following two time points and the
levels remained over 70% in the rest of the release period,
whereas 0.01 nmol free TA (0.01 pM) in each time interval
resulted in inhibiting PGEs production to an average of 9%
during the whole release period (Fig. 5c). TA released from
the microspheres containing the higher dosage, TA(1)—
microspheres, resulted in a comparable inhibiting effect as
using 0.1 nmol free TA (0.1 pM) untl day 15 (0-12%,
Fig. 5¢). After day 18, the PGEy level was slightly higher
when cells were co-incubated with TA(l)—microspheres

Fig. 3 Release profile of CXB- and 2007
TA-loaded microspheres, with 90 -
either PLGA(50:50)-PTE or
PLGA(75:25)-PTE, in PBS buffer 80 1
pH 6.9 at 37°C. 70 |
< 60 |
o
2 s0
o
&

~#—CXB [PLGA 50:50)

(27- 28%) compared to 0.1 nmol free TA (0.1 pM) (6-
10%) (p<0.05; Fig. 5¢).

Images of CXB-loaded microspheres microspheres were
shown to illustrate changes in appearance macroscopically
after a release period of 21 days, co-incubated with cells.
Before co-incubation with cells, microspheres were round
and spherical with a smooth surface, but after 21 days the
microspheres seemed to lose their initial shape (Fig. 6).

DISCUSSION

In the current study, we developed a bioactivity assay based on
TNFo-stimulated chondrocytes as an in vitro inflammatory model
to measure the bioactivity of anti-inflammatory agents released
over time from biomaterial-based delivery systems. This bioassay
was used to test the release of the anti-inflammatory therapeutic
compounds celecoxib (CXB) and triamcinolone acetonide (T'A)
from a novel polymeric microsphere platform. Poly (lactic-co-
glycolic acid) (PLGA), a commonly used copolymer as a carrier
in drug delivery (31), was modified by linking poly(thioester) into
the polymer (PLGA-PTE).

In this novel platform CXB and TA were incorporated.
First, release kinetics in PBS was determined over 16 weeks.
Subsequently the newly developed bioactivity assay was used,
to show that anti-inflammatory compounds released from
PLGA-PTE microspheres inhibited PGE, production over a
release period for up to 21 days. A more pronounced and
constant inhibition was found using CXB(1)— microspheres
and TA(1)— microspheres, especially those formulated with
TA. During the entire release period, the anti-inflammatory
effects of the microspheres with CXB(1)—microspheres and
TA(1)—microspheres showed comparable results to 0.1 nmol
free anti-inflammatory agents (equivalent to 0.1 uM) added

directly to the culture medium. No cytotoxicity was observed
either at early or late time points in culture.

20 40 60 80 100 120
Time (days)

~B-CXB (PLGA 75:25)  —* TA (PLGA 75:25)
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Fig. 4 Schematic overview of the bioassay used for evaluating bicactivity of released CXB and TA in inhibiting PGE, production in TNFa-stimulated

chondrocytes over 2| days.

Fig. 5 PGE; levels in OA
chondrocyte cultures stimulated
with TNFa, and the inhibitory
effects of CXB- or TA-loaded
PLGA-PTE microspheres
compared to cells treated with
directly addition of 0.01 or 0. nmol
therapeutic compounds (i.e. CXB
or TA) as a single dose to the
medium (equivalent to 0.01 or

0.1 uM). PGE; levels were first
normalized to DNA content and
then compared to controls. (a)
Unloaded microspheres did not
affect PGE; levels, but a clear
stimulation by TNFa was noted. (b)
PGE; levels of TNFa-induced cells
was reduced when using CXB-
loaded microspheres, albeit with a
fluctuating pattern when

CXB(0. 1) —microspheres were
used. (c) TA—loaded microspheres
in cell culture also resulted in a
decreased PGE;, production,
although it was restored to over
50% after day |2 when

TA(O.1)— microspheres were used.
However, consistent inhibition of
PGE, can be found in the cell
culture when using CXB(1)- or
TA(I)-microspheres (b, €). The
average values of controls were set
to be 100%. * p<0.05 compared
t0 0.0l uMfree CXB. **p <0.001
compared to 0.01 uM free TA; +
p<0.05 compared to 0.1 uM free
TA, ++ p<0.001 compared to
0.1 uM free TA.
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Fig. 6 PLGA-PTE microspheres
before and after a release period of
21 days, co-incubated with cells.
The scale bar represents 100 um.

Since the final aim was to investigate the bioactivity of
microspheres loaded with therapeutically relevant doses, high
loading was chosen for the release studies. As CXB and TA
display low solubility in aqueous solution (32, 33), Tween-80
and SDS, respectively, were used before for studying the
release kinetics of CXB and TA (28, 29). Most likely, addition
of these surfactants or emulsifiers would also affect the release
kinetics by changing, for example, porosity of the micro-
spheres, polymer chain mobility and density, as well as con-
sequent hydrolysis rate and pH in the release medium which
all contribute to drug release from microspheres (34, 35).
However, such-like release studies are extremely difficult to
extrapolate to the final in vivo situation.

By using a standardized cell culture protocol, the applica-
tion of TNFa-stimulated osteoarthritic chondrocytes was
found to be promising for determining the bioactivity of
anti-inflammatory compounds released from biomaterial-
based microspheres, also including evaluation of long-term
actions. Hence, this assay provides an essential link between
the commonly used in vitro buffer systems for release kinetics
and the final in vivo application. The concentration of small
molecules released into the culture medium was not deter-
mined in the current study. In particular hydrophobic small
molecules are known to bind to proteins, including serum
proteins such as albumin, the most abundant protein in plas-
ma (19, 36), thus altering their bioavailability. Therefore
concentration would not have correlated with activity, which
was the major reason for developing the current bioassay. A
similar system has been used previously for determining the
activity of BMP-2 released from several biomaterials to stim-
ulate osteogenesis (37). The reported system in combination
with ELISA for protein detection, was shown to effectively
distinguish between scaffolds releasing inactive and those re-
leasing active protein, which also correlated with in vivo bone
formation. The current bioactivity assay has the added value
of using primary, non-cell line, human cells actually derived
from tissue affected during degenerative disease of cartilagi-
nous tissues, 1.e. osteoarthritic chondrocytes, which have also
been shown to display many similarities to degenerated inter-
vertebral disc cells (3, 6). In addition to general inflammatory

inhibitors, other factors known to interfere with the inflam-
matory response (e.g. NF-kB inhibitors) could also be tested in
this in vitro assay.

The PLGA-PTE microspheres provide a suitable plat-
form for the sustained release of small molecule drugs,
with the PTE modification to allow for functionalization,
e.g. through coupling of bioactive peptides or proteins.
Release rates can be tailored by changing the ratio of
lactic acid to glycolic acid (38, 39). In the current study,
release profiles of CXB studied in buffer indeed showed
that microspheres with PLGA(75:25)-PTE displayed a
slower release rate compared to PLGA(50:50)-PTE.
The residual of the solvent dichloromethane used for
preparing the loaded microspheres was not determined
in the study, as dichloromethane has been commonly
used and its efficient elimination in the course of the
preparation procedure is well characterized, including
for application in vivo (40-42). Also in the current study,
the absence of cytotoxicity supports proper removal of
dichloromethane residue. However, quantifying residuals
of organic solvents used for preparing formulations is of
importance for future clinical applications.

Quite surprisingly, the response in terms of PGEy produc-
tion to microspheres containing 0.1 nmol of CXB or to
0.01 nmol free CXB added to the culture medium (equivalent
to 0.01 pM), was variable. This phenomenon was not found
for TA-mediated mbhibition of inflammation. One explana-
tion may lie in the complex pathways involved in cyclooxy-
genase (COX)-mediated PGEy synthesis. In the PGE, synthe-
sis pathway, COX activity generates PGHy which can be
further converted to PGEy by one of the PGE synthases, for
example, microsomal prostaglandin E synthase-1 (mPGES-1).
mPGES-1 is responsive to pro-inflammatory cytokines in
various cell types including synovial fibroblasts (43). When
up-regulation of mPGES-1 would coincide with a sub-
maximal inhibition of COX-2 activity, sufficient amounts of
PGH; for mPTGS-1 may have been generated and thus
resulted in more PGEy than expected. Another explanation
may lie in a compensatory up-regulation of COX-1, normally
constitutively expressed (44). These phenomena further stress
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the importance of using bioassays as described in the current
study for investigating release kinetics and bioactivity.

Although the severe side effects associated with systemic
administration of GXB or corticosteroids (45) (10) were shown
to be circumvented by intra-articular injection as a treatment
for OA patients with severe pain (46, 47), the treatment effects
were typically short (12, 48). Even with long-term administra-
tion of injections for up to 2 years, improvement of pain was
measured only during the first year, despite an improvement
in the range of motion (49). In an OA-induced rat model
although intra-articular injection of COX-2 inhibitors result-
ed in effective inhibition of OA progression, the regimen
involved high doses of COX-2 inhibitor (100 mg/ml) and
frequent injections in the course of 5 weeks (50). In interver-
tebral disc degeneration, intradiscal corticosteroid injections
also have been suggested to be temporarily effective in a subset
of patients displaying MRI signal intensity changes in adjacent
vertebral bodies (51). However, repeated intra-articular injec-
tions increase the risk of infection (52, 53). Biomaterial-based
controlled release of CXB or TA holds advantages over
systemic or local bolus administration by increasing efficacy
and prolonging therapeutic effects, as well as reducing adverse
effects. In an induced arthritis model, intra-articularly injected
liposomes were used to release TA, which resulted in its
prolonged retention in the joint cavity compared to free drug,
although only 38% was still remaining after 8 hrs (16). In a
limited pilot study, sustained release of cortisol from liposomes
showed improvement in thermographic index for 14 days in
rheumatoid arthritis patients; however, no further improve-
ments was found (18).

Despite the promising advances of biomaterial-based
platforms for releasing therapeutic compounds, application
of these platforms for the release of anti-inflammatory
agents will require thorough evaluation of the effects on
tissue integrity and functionality of both the materials and
their therapeutic components in animal models. Although
systemic levels of the anti-inflammatory agents will be low,
local levels will be sustained for a prolonged period, which
may affect the local tissues differently from a single high
dose. Furthermore, to achieve full therapeutic efficacy,
higher loading of the therapeutic compounds may be re-
quired, which might be challenging. Increased loading of
carriers can be achieved by, for example, adjusting PLA/
PGA ratios of PLGA to enhance carriers’ stability, increas-
ing the size of the carriers (54), or by using alternative
shapes such as rods (55). However, these approaches will
partially compromise injectability of the controlled release
platform, and often larger-sized carriers are less resistant to
the shear stress induced by injection. Alternatively
compound-loading may be increased, although this would
also compromise carrier stability. Dose adjustment will
therefore require a balanced approach based on these con-
siderations before full clinical application is possible.
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CONCLUSION

In the current study, we report the development and appli-
cation of PLGA-PTE microspheres for delivery of CXB
and TA and a bioassay for determining their bioactivity,
with the ultimate goal of treating patients with inflamma-
tory joint diseases. While additional studies in vivo are re-
quired in order to fully understand the biological response
to the release system per se and to the prolonged released
therapeutic agents, the results presented here demonstrate
a high efficiency in reducing inflammation over 3 weeks in
cells by a single administration of therapeutic agents loaded
microspheres.
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