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GELATIN/CHONDROITIN 6-SULFATE MICROSPHERES FOR THE 
DELIVERY OF THERAPEUTIC PROTEINS TO THE JOINT 

KIMBERLY E. BROWN, KAM LEONG, CHTA-HUI HUANG, ROOSHIN DALAL, GRAHAM D. GREEN, 
HOWARD B. HAIMES, PABLO A. 

Objective. To develop a biodegradable, 
inflammation-responsive microsphere system for the 
intraarticular delivery of therapeutic proteins. 

Methods. Microspheres were synthesized by com- 
plex coacervation. Radiolabeled protein release and 
microsphere degradation were assessed by exposing the 
microspheres to human synovial fluids (SF) and recom- 
binant gelatinase. Microsphere degradation was con- 
firmed by scanning electron microscopy (SEM). Micro- 
sphere biocompatibility was evaluated in vitro by 
incubating the microspheres with human synoviocytes, 
and in vivo by injection into mouse joints. 

Results. Optimal microsphere formulation was 
developed. Significant (up to 100%) release of encapsu- 
lated protein occurred in SF samples with measurable 
metalloprotease activity, while release was minimal in 
SF with negligible activity. Dissolution of microspheres 
exposed to gelatinase was confirmed by SEM. Micro- 
spheres were found to be noncytotoxic in vitro, and 
noninflammatory in vivo. 

Conclusion. Microsphere encapsulation is an 
inflammation-responsive and biocompatible system of 
protein delivery that holds promise for use in the 
delivery of therapeutic proteins to the joint. 

Recent advances in the understanding of the 
pathogenesis of rheumatoid arthritis (RA) and osteoar- 
thritis (OA) have generated considerable interest in the 
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delivery of recombinant human proteins as novel thera- 
peutic agents. For example, the identification of 
interleukin-1 (IL-1) and tumor necrosis factor a as 
potential stimuli for the synthesis of matrix metallopro- 
teascs (MMPs) has prompted recent clinical trials in RA 
aimed at inhibiting these cytokines by administration of 
their respective soluble receptors or receptor antago- 
nists (1-3). Based on a similar line of reasoning, admin- 
istration of exogenous recombinant tissue inhibitor of 
metalloproteases has also bcen suggested for the treat- 
ment of OA (4). 

Proteins delivered in vivo are considerably more 
susceptible to absorption, aggregation, and enzymatic 
degradation than are synthetic, nonprotein compounds 
(5 ) .  Consequently, they must be administered frequently 
or continuously at high concentration. This in turn may 
increase adverse side effects (6). Direct intraarticular 
(IA) injection of free recombinant protein will not 
circumvent the proteolytic degradation barrier and is 
further compromised by the fact that the very efficient 
lymphatic system in the joint clears intraarticular drugs 
and debris rapidly from the synovial cavity (7,s). Recom- 
binant proteins can be delivered by gene therapy as well, 
and development of an optimal gene delivery system is 
also the subject of current research. 

Controlled drug delivery has significantly im- 
proved the success of many therapies (9,lO). Most 
available methodologies for synthesizing biodegradable 
microspheres utilize high temperatures and/or organic 
solvents, conditions that are suitable for encapsulation 
of heat-stable synthetic compounds but not most bioac- 
tive proteins. Liposomes have also been proposed for IA 
drug delivery and, while their synthesis utilizes gentler 
conditions, liposomes tend to be unstable in physiologic 
environments, and drug loading levels are routinely low 
(1 1-14). 

Complex coacervation, in contrast, is likely to 
represent an ideal encapsulation method for the delivery 
of therapeutic proteins. A complex coacervate is a 
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hydrogel that forms when polyelectrolytes bearing net 
opposing charges are mixed together under specific 
conditions of temperature, pH, and micro-ion concen- 
tration. Coacervates are attractive for protein encapsu- 
lation because the synthetic process can be performed in 
aqueous solution and at low temperatures (<37"C), 
which is likely to preserve the bioactivity of encapsulated 
proteins. 

The normal extracellular matrix of cartilage and 
synovium is composed of large polycations (collagen) 
and polyanions (chondroitin 6-sulfate [CS6] and hyal- 
uronic acid [HA]). We have previously proposed that 
microspheres composed of these naturally occurring 
polyions would have enhanced biocompatibility (15~6) .  
Furthermore, since these materials are substrates for 
MMPs, the synthesized microspheres should also be 
biodegradable. As a result, the microsphere degradation 
rate, which governs the release rate of encapsulated 
protein, should parallel the ambient concentration of 
active MMPs. 

In prcliminary work, we reportcd initial formula- 
tion of a microsphere composed of gelatin (denatured 
collagen) and CS6, and demonstrated that the rate of 
degradation of, and release of encapsulated protein 
from, the microspheres corresponded to the concentra- 
tion of bacterial collagenase (15.16). Mammalian MMPs 
have much narrower substrate specificities and lower 
potencies than bacterial collagenase, however, and it was 
important to evaluate the biodegradability and release 
characteristics of the gelatin/CSb system in a human 
model. In the present studies, therefore, we extended 
our previous investigations to optimize gelatiniCS6 mi- 
crosphere formulation with respect to optimal loading 
levels and degradation rate. In addition, we evaluated 
the kinetics of release of encapsulated protein from the 
microspheres in response to MMP-containing human 
synovial fluid (SF), as well as to human recombinant 
gelatinase. Microsphere biocompatibility was also eval- 
uated in synovial fibroblast cultures and by intraarticular 
injection into the knees of mice. 

PATIENTS AND METHODS 

Reagents. Shark CS6 (#13645) was obtained from US 
Biochemical (Cleveland, OH). Bovine CS (70% CS4/30% CS6; 
#CS529) and rooster comb HA (<0.1% protein; #H53SS) 
wcre obtained from Sigma (St. Louis, MO). HA (sterile, 
pyrogen-free; lot #WB021193) was obtained from Medchem 
(Woburn, MA). Rooster comb HA (95% pure; #H0595) was 
obtained from TCI America (Portland, OR). Type A 100- 
bloom and type B 100-bloom bovine gelatins were obtained 
from Kind & Knox Gelatin (Sioux City, IA). Type A 100- 

bloom bovine gelatin was also obtained from Atlantic Gelatin 
(Woburn, MA). I4C-acetic acid was obtained from American 
Radiolabeled Chemicals (St. Louis, MO). Human recombinant 
gelatinase (92 kd) was a gift from Osteoarthritis Sciences 
(Boston, MA). Bacterial collagenase type 3 was obtained from 
Worthington Enzymes (Frcehold, NJ). All tissue culture re- 
agents, including Dulbecco's modificd Eaglc's mcdium 
(DMEM), fetal calf serum (FCS), penicillin, streptomycin, and 
glutamine, were obtained from Gibco (Rockville, MD). All 
other chemicals and biochemicals were supplicd by Sigma. 

Zeta potential measurements. Changes in zeta poten- 
tial with changes in solution pH were evaluated for the 
gelatins, using a method described by Burgess and Carless (17). 
Gelatins were first adsorbed onto 0.466-pm surfactant-free 
polystyrene latex microspheres. This was accomplished by 
preparing solutions containing 1 mM NaCI, 0.005% (weighti 
volume) gelatin, and 0.001% (w/v) latex microspheres. The 
solutions were adjusted to the desired pH levels, sonicated, 
and cquilibrated for 5 hours. The pH of each solution was 
adjustcd using 10 mM NaOH and 10 mM HCl. Zeta potential 
profilcs were measured for the gelatin-coated latex particles 
using a Doppler electrophoretic light scattering apparatus 
(DELSA 440). 

Protein encapsulation. In order to determine optimal 
conditions for synthesis, coacervates were prepared over a 
range of pH levels. Gelatin solutions (1% or 5% w/v), CS6 
(0.2% w/v). and HA (0.2%) were prepared using distilled 
water. Each solution was adjusted to the desired pl1 and 
equilibrated at 37°C. Gelatin solutions were then vortexed with 
equal volumes of either CS6 or HA solution. The resulting 
coacervates were equilibrated at 37°C for 30 minutes, after 
which they were centrifuged at 3,000 revolutions per minute. 
Supernatants were removed and coacervates were dried over- 
night in an oven at 70°C. The resulting pellets were weighed, 
and coacervate yields were calculated as follows: 

Yield (% weightheight) = 

Dry coaccrvatc wcight 
Total initial dry weight of gelatin + (CS6 or HA) ~ x 100 ~~~ 

To prepare microspheres. equal volumes of gelatin 
solutions (5% or 1% w/v) and CS6 or HA solutions (0.2% w/v) 
were vortexed at 37'42, pH 5.5. Albumin and catalase were 
mixed into CS6 solutions immediately prior to vortexing. After 
vortcxing, the resulting coacervate microspheres were 
crosslinked with glutaraldehyde (0.11M, fixcd conccntration) 
at room tempcrature for 3 minutes. Sodium mctabisulfite 
(0.1 1M) was used to scavenge or cap thc unreacted glutaral- 
dehyde. Next, microspheres were washed in 0.01M glycine to 
reduce aggregation. To further prcvcnt aggregation during 
storage, microspheres were suspended in 5% mannitol (w/v), 
shell frozen in liquid nitrogen, lyophilized, and stored at 
- 80°C. 

Radiolabeling of encapsulants. A modification of the 
procedure described by Montelaro and Rueckert (18) was used 
to label catalase (MW 240,000) and albumin (MW 66,000) with 
I4C-acetic anhydride. Proteins were first dissolved at 10 mgiml 
in 0.1M sodium phosphate buffer, pH 7.2. 14C-acetic anhy- 
dride (250 mCi) waq then mixed with 0.2 ml of dioxane and 
stirred with 2 ml of protein solution (10 mgiml) on ice for 30 
minutes. Excess radiolabel was removed by dialysis or through 
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the use of Amicon (Lexington, MA) Centriprcp concentrators. 
Radiolabeled proteins were stored at -80°C. 

Determination of loading levels and efficiency of en- 
capsulation of proteins. Loading levels and encapsulation 
efficiencies were optimized by preparing microspheres in the 
presence of a range of albumin and catalase concentrations. 
Protein loading level was calculated as follows: 

Total mg protein encapsulated 
Total mg microspheres Protein loading level = x 100 

Encapsulation efficiency was calculated as: 

Encapsulation efficiency = 

rota1 mg protein encapsulated 
Total initial mg protein x 100 

Synovial cell culture. Human synovial tissue was ob- 
tained from patients with FL4 or OA who were undergoing 
joint replacement. Long-term monolayer synovial cell culturcs 
were established from these tiswe fragments, as described 
previously (19). Cells were maintained in culture in DMEM 
supplemented with 20% FCS, penicillin (100 unitsiml), strep- 
tomycin (100 pdml), and 2 mM glutamine, at 37°C in a 
humidified chamber containing 5% CO, and 95% air. Cells 
were passaged by trypsinization (0.25%) and utilized for study 
in the third through ninth passages. Cell viability was assessed 
by erythrosin B exclusion (20). 

Collection of human joint fluids. SF samples were 
aspirated from patients in the outpatient rheumatology clinic 
who were identified as having RA or OA according to the 
criteria of the American College of Rheumatology (formerly, 
the American Rheumatism Association) (21,22). All patients 
gave written informed consent. 

iMetalloprotease activation. Latent metalloproteascs in 
human SF samples were activated with APMA as described 
previously (23,24). This chcmical method of activation was 
selected over enzymatic activation with trypsin because trypsin 
caused microsphere degradation. Prior to activation, the met- 
alloprotease inhibitor a,-macroglobulin ( a 2 M )  was inactivated 
with methylamine using an adaptation of the procedure de- 
scribed by Nagase and Barrett (25). SF were titrated to pH 8.2 
using 211 Tris buffer at pH 8.6. Methylamine was added to 
samples at a concentration of 14 mdml. Samples were stirred 
for 1 hour at room temperature and then titrated to pH 7.6 
using 2M Tris buffer, pH 6.8. A 100-mM APMA solution, pH 
10, was prepared in 0.211 NaOH, and was added lo the SF 
samples to achieve a final concentration of 6.5 mM. Samples 
were incubated at room temperature for 1 hour to achieve a,M 
inactivation. 

Metalloprotease activity assay. Enzymatic activity of 
activated metalloproteases was quantified using a radioassay 
developed by Cawslon and Barrett (26). Rat tail collagen (type 
I) was radiolabeled with 14C-acetic acid and used as the 
substrate for the collagenase assay. I4C-gelatin was obtained by 
denaturing 14C-collagcn by hcating in a water bath at 60°C for 
1.5 minutes. To measure collagenase and gelatinase activities, 
respectively, 50-100 pI of 14C-collagen (3.9 mg/ml) or 14C- 
gelatin (3.9 mdml) was added to a microcentrifuge tube. Then 
150-200 pl of the activated metalloprotease-containing sam- 
ple was added. The solutions were vortexed and incubated for 
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Figure 1. Effcct of pH on the zeta potcntial of gelatin-coated and 
uncoated latex particles. Zeta potential is a measure of particle surface 
charge dcnsity. By coating latex particles with gelatin, it was possible to 
evaluatc gelatin zeta potentials. Zeta potentials were measured for 3 
gelatin samples: Atlantic type A, Kind 1c: Knox type A, and Kind & 
Knox type B. 

20 hours at 37°C. For thc collagenasc assay, samples were 
centrifuged at 14,000 rpm for 1.5 minutes. For the gelatinase 
assay, undigested gelatin was first precipitated with 45% 
trichloroacetic acid, and then centrifuged at 4,000 rpm for 5 
minutes. The supernatants from both assays were counted on a 
scintillation counter and represcnted digested substrate. Col- 
lagenase and gelatinase activities were expressed in units 
(defincd as mg of substrate dcgradedhour). "C-collagen and 

C-gelatin, exposed to bacterial collagenase (27 units/ml) and 
trypsin (0.1 mginil), were used as controls to define 1OU% 
substrate degradation by collagenase and gelatinase, respec- 
tively. 

Evaluation of kinetics of release of encapsulated pro- 
teins. Release of encapsulated radiolabeled proteins from 
coacervate microspheres was quantified by incubating micro- 
spheres (-3 mg) in 0.3 ml of buffer or joint fluid at 37°C. 
Samples were incubated for 0-48 hours, then centrifugcd to 
pellet undigested microsphere matcrial. Supernatants were 
counted on a scintillation counter to asscss the quantity of 
released l4C-labe1ed proteins. To prevent bacterial growth in 
samples, sodium azide was added at a final concentration of 
0.025%; this had no effect on microsphere degradation or 
MMP activity. 

Evaluation of microsphere degradation by scanning 
electron microscopy. GelatiniCS6-microsphere degradation in 
the prcscncc of recombinant metalloprotease was observed 
using scanning electron microscopy (SEM). Microspheres 
(-0.5 i g )  were exposed to APMA-activated recombinant 
gelatinase at a final concentration of 65 pdrnl. Gelatinase 
activity was inhibited at specific time intervals by the addition 
of EDTA at a final concentration of 40 mM. Samplcs wcrc 
fixed on glass coverslips with glutaraldehyde, dried by critical 
point drying, and coated with goldipalladium. The fixing 
procedure was adaptcd from that described by Harris (27). 
Microspheres were imaged at 10-30 kV. 

14 
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Figure 2. Effects of pH on gclatin coaceivate yields. Gelatinichondroitin 6-sulfate (CS6) coacervates wcrc 
prepared using Kind & Knox type A gelatin, Kind & Knox type B gelatin, and Atlantic type A gelatin. 
Coacervates were prepared as described in Patients and Methods; using equal volumes of aqueous gelatin (1.0%) 
and CS6 (0.2%) solutions. The solutions ranged in pH from 1.5 to 5.5. Coacervate yields were expressed in terms 
of the weight percentage of initial polyelectrolytes which were incorporated into coacervates. Optimal 
coacemation pH was between pH 3.5 and 4.5 for all 3 of the gelatins evaluated. 

In vitro evaluation of toxicity. The effect of prolonged 
exposure of microspheres on the viability of human synovial 
cells was assessed by erythrosin B staining. Synovial fibroblasts 
were exposed to microspheres for 1-14 days, washed, lifted 
with trypsin, and stained with erythrosin B. Viability was 
defined as the fraction of unstained cells multiplied by 100. 

In vivo evaluation of toxicity. The potential inflamma- 
tory capacities of intact microspheres were evaluated by IA 
injection into mouse knce joints. Experiments were performed 
using male C57B1/6 mice obtained from Charles River Labo- 
ratorics (Wilmington, MA). Microspheres were prcparcd in 
0.2% sodium azidc. To enhance sterility, the microspheres 
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Figure 3. Effects of initial protein concentration on microsphere loading level (A) and encapsulation cfficiency (B). "C-catalase (MW 240,000) and 
C-albumin (MW 66,000) were encapsulated in gelatin/chondroitin 6-sulfate microspheres. The microspheres were dried, weighed, degraded with 

bacterial collagcnase (27 unitsiml), and counted on scintillation counters to determine encapsulation efficiencies and loading levels. 

14 
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Table 1. Metalloprotease activitics in selected human synovial fluid samples* 

Gelatinase activity Collagenase activity 

Activatcd, Unactivated. Activated, Unactivated, 
Disease unitsiml units/ml unitsiml unitsiml 

Rheumatoid arthritis 
Rheumatoid arthritis 
Rheumatoid arthritis 
Rheumatoid arthritis 
Rheumatoid arthritis 
Rheumatoid arthritis 
Rheumatoid arthritis 
Rheumatoid arthritis 

Inflammatory joint disease 
Inflammatory joint discasc 
Inflammatory joint disease 
Inflammatory joint disease 

Osteoarthritis 
Osteoarthritis 
Osteoarthritis 
Osteoarthritis 

40 
33 
2 

43 
16 
43 
2 

37 

43 
40 
2 
3 

43 
33 
2 
2 

3 
2 
2 
2 
2 
4 
2 
3 

2 
2 
2 
3 

2 
4 
3 
3 

5 
55 
60 
55 
15 
0 
a 

80 

65 
65 
0 
0 

2 
0 
0 
0 

0 
0 
0 
a 
0 
0 
0 
0 

0 
0 
0 
0 

a 
0 
0 
0 

* Gelatinase and collagenase units are dcfincd as mg gelatin or collagen degradedhour over a 24-hour 
period. Inflammatory joint disease refers to synovial fluid samples from patients with various inflamma- 
tory joint discases other than rheumatoid arthritis, e.g., Reiter’s disease and monarthritis. 

were then washed extensively (10 X)  by low-speed centrifuga- 
tion and resuspended in physiologic stcrile saline. Six- 
microliter injections into thc right knees of mice were admin- 
istered using a Hamilton syringe and a 30-gaugc nccdlc. The 
contralateral (left) knee joint was injectcd with the same 
volume of physiologic saline. 

Animals were held by the surgical assistant or placed in 
a restraining tube for the IA injeclion. No anesthesia was 
required. Animals were then killed by carbon dioxide asphyx- 
iation. A total of 20 mice wcrc uscd in this experiment. Ten 
animals in each group were injected with sterile microspheres 
or microsphere components, which were prepared at a con- 
centration of 5 mg/ml in sterile phosphate buffered saline 
(PBS). Materials used to make microspheres in this study 
included gelatin, CS, and HA. For each sample evaluated, 5 
animals were killed at 24 hours and 5 at 48 hours. Cell types 
present in the femoropatellar groove were identified and 
counted per high power field (40 X) in order to provide 
relative semiquantitative standards between the variables. In 
addition, the presence of the cells in the femorotibial portion 
of the joint compartment was noted, as was the presence of any 
associated damage to the articular cartilage. A scale of 0-4 was 
used to judge gross inflammatory response, in which 0 = no 
response, 1 = minimal response, 2 = mild response, 3 = 
moderate response, and 4 = severe response. The samplcs 
were evaluated under blinded conditions. 

RESULTS 

Effect of pH and charge density on coacervation. 
Because complex coacervation is driven by electrostatic 
interaction, a higher yield of coacervate should result if 

the component polyions have high molecular charge 
densities. Consequently, gelatin and chondroitin sulfate 
were expected to form ionic complexes at pH levels 
below the gelatin’s PI. Zeta potentials were measured, 
and these data were used to determine the PIS of several 
commercially available gelatin preparations (Figure 1). 
Zeta potential is an indicator of charge density, and is 
defined as the difference in electrical potential between 
the shear plane of a particle in solution and some point 
in the solution that would be infinitely far away (28). The 
PI is the pH at which net molecular charge, and thus zeta 
potential, is equal to 0. Zeta potentials were not mea- 
sured for CS6 and HA because their functional groups, 
carboxylic acid and sulfate, are almost fully ionized in 
the physiologic pH range. 

The PIS of Atlantic type A, a n d  & Knox type A, 
and Kind & Knox type B gelatins were 6.3, 8.6, and 5.1, 
respectively. However, the gelatins formed coacervate 
with CS6 only at pH levels <4.85. Coacervation yield for 
each of the gelatins, as a function of pH, is shown in 
Figure 2. The coacervates were preparcd using gelatins 
at a concentration of 1% (w/v). Maximal yield for all 3 
preparations occurred at well bclow physiologic pH (at 
pH 4.0 for Kind & Knox types A and B gelatins, and at 
pH 3.4 for Atlantic type A gelatin). Similar data were 
obtained when HA was substituted as the polyanion 
(results not shown). Although at least 1 of the gelatins 
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Figure 4. ''C-catalase release in joint fluids (JF) with negligible (A) and measurable (B) gelatinase activities. 
''C-catalase-loaded microspheres were exposed to 6 different APMA-activated and unactivated joint fluids for 
various amounts of time. Microspheres were degraded with bacterial collagenase (27 unitsiml) as a control. 
Values are the mean from triplicate measurements. Gelatinase activities (units/ml) in joint fluids (unactivated 
and activated, respectively) were as follows: J F  #I (pooled fluid) 15, 41; JF  #2 (diagnosis unknown) 3,43; JF #3 
(rheumatoid arthritis) 3, 26; JF  #4 (osteoarthritis) 2,2; JF  #S (osteoarthritis) 2,43; JF  #6 (rheumatoid arthritis) 
3, 36. UA = unactivated; A = activated. 
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achieved at pH 7 if the gelatin concentration was 
increased to 5% (wiv). Subsequent experiments were 
conducted with 5% gelatin at a pH of 7. 

Microsphere loading and encapsulation effi- 
ciency. Encapsulation efficiencies and loading levels 
were measured for 2 high molecular weight proteins 
(‘4C-catalase [MW 240,0001 and ‘‘C-albumin [MW 
66,0001) and 2 low molecular weight compounds (14C- 
inulin [MW 5.000] and 14C-diazepam [MW 2431). Pro- 
tein loading level and encapsulation efficiency are a 
function of protein molecular weight and protein con- 
centration, which ranged from 2.0 mgiml to 12.5 mg/ml. 
Of the 4 encapsulants used, the high molecular weight 
proteins catalase and albumin were encapsulated with 
the greatest efficiencies and at the highest loading levels 
(Figure 3).  In contrast, both diazepam and inulin were 
encapsulated with maximum efficiencies of only 1% or 
less (data not shown). Maximal loading levels corre- 
sponded to the highest encapsulant concentrations, 
while maximal encapsulation efficiency occurred at the 
lowest encapsulan t concentrations. Encapsulation effi- 
ciency was deemed to be the more important of the 2 
variables for the encapsulation of proteins, because 
recombinant proteins may be available in limited quan- 
tity. Consequently, a concentration of 2 mg/ml was 
selected for all subsequent experiments. 

Characterization of SF. SF was obtained from 
patients diagnosed with OA, RA, and other inflamma- 
tory joint diseases. Collagenase and gelatinase activities 
of selected SF samples are shown in Table 1. Very few of 
the non-APMA-treated SF samples had measurable 

Figure 5. Scanning electron micrographs of catalase-loaded micro- 
spheres degrading in the presence of recombinant gelatinase (65 
pg/ml). Prior to incubation, microspheres were crosslinked with glu- 
taraldehyde (0.11M) for 3 minutes and quenched with sodium met- 
abisulfite (0.11M). Microsphere degradation was stopped by adding 
EDTA, a metalloprotease inhibitor, at a final concentration of 40 mM. 
A, Time 0. No microsphere degradation is visible. B, Time 1 minute. 
Microspheres are characterized by porous, corrugated surfaces. C, 
Time 3 minutcs. Microspheres are almost fully degraded. Further 
degradation of the residue was not visible after incubations with 
gelatinase for up to 24 hours. 

Figure 6.  Scanning electron micrograph of gelatinichondroitin 
6-sulfate microspheres loaded with catalase after incubation in human 
synovial fluid for 10 minutes. Microspheres were noted to adhere to 

(I(ind &C KnOx PI7 none were 
cationic enough to form coacemates at pH 7. Additional 

A) had an 

experiments revealed that coacervation could be fibrillar material in the synovial fluid.. 
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Figure 7. Histology of mouse knec joints 24 hours after intraarticular 
injection of microsphcrcs. A, lnflammatory infiltrates are clearly 
visible in joints injected with rnicrospheres synthesized with proinflarn- 
matory materials (magnification X 20). B, There is no inflammatory 
infiltrate in joints injected with microspheres composed of noninflam- 
matory materials (magnification X 4). T = tibia; S = synovium; M = 
meniscus; F = femur. 

gelatinase or collagenase activities. However, following 
APMA treatment, gelatinase activity was detected in 10 
of the 16 samples tested (range 16-43 unitsiml SF), and 
collagenase activity in 8 (range 5-80 unitsi’ml SF). Most 
of the SF that had measurable MMP activity had both 
gelatinase and collagenase activities. However, several 
had activity of only 1 of the 2 enzymes measured. 
Interestingly, none of the 4 OA fluids exhibited collage- 
nase activity. 

Kinetics of protein release from microspheres 
exposed to SF. Microspheres containing 14C-catalase 
were exposed to unactivated and APMA-activated SF 
samples with various levels of gelatinase activity. Gela- 
tinase activity WAS used for these degradation release 
studies because gelatin is not a substrate for human 
collagenase (MMP-1). Stromelysin, although not mea- 
sured, would probably also have played a role in micro- 
sphere degradation. Over a 48-hour period, there was 
little 14C-catalase release from control microspheres 
incubated in SF samples with negligible gelatinase activ- 
ities (Figure 4A). Furthermore, a large pellet of micro- 

spheres was retrieved by centrifugation of these SF at 48 
hours and numerous intact microspheres were observed 
microscopically, confirming lack of degradation of the 
microspheres. In contrast, there was moderate to near- 
total release of I4C-catalase from microspheres incu- 
bated in fluids with measurable gelatinase activity (Fig- 
ure 4B). This release pattern was paralleled by marked 
degradation of the microspheres, as evidenced by the 
absence of a microsphere pellet on centrifugation of SF 
and inability to identify intact microspheres microseop- 
ically at 48 hours. 

Metalloprotease-mediated microsphere degrada- 
tion. Untreated catalase-containing microspheres were 
observed by SEM to be round in shape, ranging in size 
from 1 Krn to 60 pm. Microspheres were nonaggregated. 
Although the majority of microspheres had monolithic 
morphologies, a small fraction were found to be polynu- 
clear. To further confirm that gelatini’CS6 microspheres 
are susceptible to degradation by mammalian MMPs, 
microspheres were exposed to a high concentration of 
APMA-activated human recombinant gelatinase for var- 
ious lengths of time and examined by SEM (Figure 5).  
There was no visible degradation of control micro- 
spheres incubated with APMA-activated gelatinase in 
the presence of EDTA, a metalloprotease inhibitor. 
Microspheres at time 0 (Figure 5A) looked the same as 
microspheres incubated simultaneously with gelatinase 
and EDTA for 24 hours. After 1 minute of exposure to 
APMA-activated gelatina$e in the absence of EDTA, 
however, the microspheres developed roughened, 
jagged, porous surfaces (Figure 5B). After 3 minutes, 
microspheres were reduced to an amorphous residue 
(Figure 5C). No further degradation was scen with 
samples exposed to gelatinase for up to 24 hours. 

In another experiment, the appearance of micro- 
spheres exposed to unactivated SF samples was exam- 
ined. Microspheres (-0.5 mg) were incubated in SF (0.5 
ml) for 10 minutes (Figure 6), centrifuged, washed, and 
resuspended in PBS. Numerous intact microspheres 
adhering to fibrillar matcrial in the joint fluid were 
observed. 

Microsphere biocompatibility. To evaluate for 
potential cytotoxicity, gelatidCS6 microspheres (0.1 mgl 
ml) were incubated with synovial fibroblasts for 7 days. 
No adverse effect on the morphology or on viability of 
the cells was observed. The mean +- SD % viability at 7 
days, as measured by erythrosin B staining, was 94 -t 5% 
for cells incubated with unloaded microspheres, 91 +- 
3% for cells incubated with catalase-loaded micro- 
spheres, and 90 ? 5% for cells incubated with medium 
alone. Consistent with the “stickiness” of the micro- 
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spheres observed by SEM, microspheres avidly adhered 
to cells, extracellular matrix, and plastic. No apparent 
phagocytosis of microspheres was observed, presumably 
because of the large size of the sphercs. 

Microspheres synthesized from different prepa- 
rations of raw materials were also injected into the knees 
of mice. Microspheres containing Sigma gelatin and 
Sigma CS caused inflammatory exudates to appear in 
the joint spaces after 24 hours (Figure 7A). Micro- 
spheres containing Atlantic type A gelatin and US 
Biochemical CS6 did not cause an inflammatory re- 
sponse (Figure 7B). 

DISCUSSION 

Previous efforts to develop microsphere drug 
delivery systems for the joint (11,29-31) have failed to 
address the specific challenges of delivery of bioactive 
proteins. In these preliminary studies, we developed a 
novel polymeric matrix system that makes significant 
advances in meeting some of these challenges. We have 
demonstrated that the synthesis of microspheres by 
complex coacervation of polyions efficiently entraps 
proteins at high concentration. We have also shown 
previously that this system preserves protein bioactivity 
(16). In addition, susceptibility to MMPs confers a 
responsive release feature to this microsphere formula- 
tion, i.e., the release rate of protein will be dependent, at 
least in part, upon MMP concentration in the joint. 
Insofar as MMP concentration is one measure of inflam- 
mation in the joint, this delivery system has the added 
and novel advantage, among previously proposed artic- 
ular delivery systems, of being “inflammation responsive.” 

As a first step in identifying ideal conditions for 
coacervation, the cationicity of different gelatin prepa- 
rations was evaluated. We sought a gelatin preparation 
that would complex efficiently at physiologic pH with 
CS6 to give a high yicld of coacervate, and reasoned that 
this capacity would be predicted by high molecular 
charge density and a pl >7. Interestingly, none of the 
gelatins evaluated was cationic enough to form coacer- 
vate at pH >5, despite the fact that one preparation 
(Kind & Knox type A) had a PI of 8.6. However, it is 
likely that one of these gelatin preparations could be 
chemically modified with hexanediamine to enhance its 
cationicity at physiologic pH. Efforts are currently under 
way in our laboratory to develop and test such a gelatin. 
In parallel studies, however, we found that increasing 
the concentration of gelatin 5-fold enhanced its ability to 
form coacervate in the physiologic pH range, perhaps 
due to the addcd effect of gelatin desolvation. As a 

result, it was possible to prepare coacervate micro- 
spheres under conditions that favored the retention of 
protein encapsulant bioactivity. In fact, we have previ- 
ously shown that catalase retains 60% or more of its 
bioactivity when encapsulated by this method (16). 

In previous work, we demonstrated that gelatin/ 
CS6 microspheres are susceptible to degradation by 
bacterial collagenase (16). In the current studies, we 
have confirmed thc degradation of gelatiniCS6 micro- 
spheres by human MMPs in human synovial fluids, and 
by recombinant human gelatinase. Furthermore, the 
correlation of release of encapsulated proteins from 
degrading microspheres with the presence or absence of 
mcasurable SF gelatinase activity confirms the release- 
responsive nature of this system. Although we did not 
measure stromelysin in these experiments, it is likely that 
this enzyme also contributed significantly to the degra- 
dation of the microspheres, while collagenase should 
have negligible activity against gelatin. 

The in vitro studies confirm proof of concept for 
the efficacy of this inflammation-responsive, biodegrad- 
able microsphere formulation, but the results cannot be 
cxtrapolated to predict the kinetics of release in vivo. 
The in vitro rate of release of I4C-catalase from micro- 
spheres incubated in MMP-containing fluids was very 
rapid over a 48-hour period, as a result of en masse 
activation of latent progelatinase and prostromelysin by 
APMA. In vivo, however, “all-or-none” activation of 
MMPs does not occur; rathcr, their concentrations are 
dynamic and determined by the relative balance of 
enzyme activators and inhibitors. Clearly, a slower rate 
of release (over a period of weeks or months) will be 
preferable in vivo. 

There are several other considerations that may 
affect in vivo rates of release. The rate of protein release 
could potentially bc dampened in SF with high viscosity, 
and adherence of microspheres to fibrin clots and to 
synovium and cartilage may limit their even distribution 
after injection into the joint. Adherence to synovium and 
cartilage, in contrast, can be considered a distinct advan- 
tage of this system since it would place microspheres in 
direct contiguity to areas of highest MMP activity (ix., 
synoviocytes and chondrocytes). In fact, pericellular 
MMP activity in synovium and cartilage is an important 
in vivo variable that cannot be assessed by SF analyses as 
sole measures of MMP activity. For all of the above 
reasons, in vivo release patterns may not precisely 
correspond to in vitro data. Therefore, the next step will 
be to evaluate release characteristics with microspheres 
injected into inflamed and noninflamed animal joints. 
Methods involved in microsphcrc synthesis, such as 
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crosslinking, can then be modified as needcd to increase 
or decrease the relative rates of encapsulant release. 

Biocompatibility is a critical issue for any delivery 
system, in that inflammatory or immune responses in 
targeted or distant organs should not be induced. The 
exposure of catalase-laden gelatin/CS6 microspheres to 
human synovial cells in monolayer culture indicated that 
the microspheres had no significant cytotoxic effect in 
vitro. However, several of the raw materials used to 
construct microspheres for in vitro experiments induced 
a robust inflammatory response in vivo in the knees of 
C57B1/6 mice. That these responses were due to con- 
taminants or endotoxin was suggested by the absence of 
inflammatory responses from other, otherwise compara- 
ble, raw materials that wcre processed under sterile 
conditions, including Atlantic type A gelatin and CS6 
from US Biochemicals. In fact, when the latter 2 raw 
materials were used for synthesis of microspheres, no 
significant inflammation was observed. Thus, in the 
short term, microspheres synthesized from “clean” raw 
materials appear to be noninflammatory. 

Immune-mediated responses to gelatin/CS6 mi- 
crospheres will be an important issue to address in 
long-term animal experiments. It is useful to remember, 
however, that implantation of porcine heart valves (com- 
posed primarily of collagen) and dermal injections of 
bovine type I collagen are routine in humans (32). In 
addition, chondroitin sulfate has itself been used in 
human trials for treatment of OA (33). Avoidance of 
type I1 collagen for microsphere synthesis is important 
since this class of collagen can induce an RA-like 
destructive arthropathy in animals (6). Highly 
crosslinked collagenous materials have been reported to 
be less immunogenic than native collagen, which sup- 
ports our own choice of gelatin as the polycation and 
glutaraldehyde as the crosslink agent (34). In view of 
these considerations, it seems likely that gelatin-CS6 
microspheres have a low potential for inducing an 
immune-mediated response in humans. 

In summary, a novel microspheric delivery sys- 
tem that holds promise for the delivery of bioactive 
proteins to diseased joints is described. This system 
would be most suitable for the treatment of chronic 
monarthritis (such as OA): and would be less useful in 
chronic polyarthritis (such as RA), except in cases in 
which therc is a single active joint. Inasmuch as OA is a 
very common disease in the elderly and the elderly are at 
high risk for adverse drug effects, this delivery system 
has the potential advantages of delivering high concen- 
trations of the therapeutic agent to the affected joint 
while minimizing systemic toxicity in this population. 

Independent of specific disease categories, however, this 
delivery system could also serve as an ideal vehicle for in 
vivo testing of the efficacy of novel recombinant pro- 
teins, particularly where the half-life is short and bio- 
availability to the joint via systemic routes is limited. 
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Erratum 

An abstract from the 1998 American Collge of Rheumatology Annual Meeting was inadvertently omitted from 
the September 1998 supplement to Arthritis & Rheumatism. The correct abstract, which should have been 
designated abstract no. 260, is shown below. We regret the error. 

CoST-EFFEcTIMNES Of STRPTEr3ESTO PREvwrNSAlDGnmroPATHY: COKFWON REG~RDING"COXICW. JM Scheiman, 
RR Bandekar. ME Chemew. AM Fendrick DepL of Internal M W n e  and Consortium fw Health Outmnas, I m t i o n .  and 
Cost Elfeclhness Studies (CHOICES), Unhm d Michigan, Ann A h a ,  MI. 

lnaeased understanding d the mechanisms of NSAID gasbopatty has led to the devdopment d l es  toic, e.g. COX-2 
d&, agents. Determining whkh p a w  shauld recdve these safer, more Wsay dngs &pm& upon their finical and 
eawurnic effectr. PreviaS economic m a w  of NSAID therapy tvpicauv have focused on enkmcpc ulcen instead of 
d i  event% Since symptoms hwi u ! w  and m k x r  causes drive he& cam rescum utilization, a symplmdrben 
e v a l W n  is wananted. We estimated the clinical and mmic impact d baatment sequences, which may indude more 
than m NSAID, and evaluated the impad of s)rmptwns on the oosteff&iveness d management stratqks for patients 
iequiing dvonii NSAJDs. MethPds: A dedsion anatytk m&l was constructed to compare Iwo mtq'es: 1) Resbicted- 
gen& (GW) NSAID used initially and safer, mxe ep3Isiw NSAlD reserved fw treatmant failures. and 2) UnresMed- 
safer, more eqemive (SEL) NSAlD used in all instances. T h e m  diflerem between the sbategies was the m m l y  
endoseople ulcer rate (1.75% GEN vs 0.50% SEL), Vle likelihood d a w m p b h  1 a h r  was present (3% vs. 2301, 
and the monthly cost ($5 E. W) d the initial NSAID. On first symptomatic episode, a generic 4 antagonist was added 
w i t h i  a diaqmb dudy. G - h q y  was perfomad if symptoms persisfed or k. We assumed no daference 
bstween the 2 NWDs in the probability hat an end- d m  became symptcmtic (13%) IIW a difference in Me pan- 
ulcsrsymptom rate mre enough to lead to a change in - management (4.2% per month). SemiMy ardyss 
assBssBd the impact of Wng the NSAlD wst. relative h r  and synptam profilesd Ihe NWDs on dnical 
wtmme~ and a& per patient treated. Resuits The madd estimated the unrestrided strategy resulted in fewer 
sympimaik ulcec monmS (234 GW vg. 0.93 SEL) and fewer uker cimpbkm (0.20 GEN m. 0.04 SEL) per 100 patient 
yean. T b  cast per patient treated was $401 GEN ys. $848 SELper year. FMthe unreskted miqy, the i nawned  
cost per symptmalk and mpbcated U l c e r d e d  wass3i,aX, and$?79,03. If the GW emhmpic &errate me ta 
5.2%hnonm, 'he unrdded straw led to f e w  adversa dind events and lower cost per patient treated. Conclusions: 
Dedsicn madels that evaluate d m e  practice patiems can be used to determine h n  it is more cost-efieclh Mt to 
re- lha use of a safer, yet mcce e x p m h  MAID. Wy use of NSAlDs with reduced GI toMy has the pdential to 
achieve ccst savings in patient Subgmup at imased mk for NSAIDi-elated uker dsease. The ability to prevent 
symptoms, in addion to reduce ulcerogenerjis, is a cnrcial mmponent in the cast4fectiwners mlculatim d slrateges to 
prevent ~ i n t ~  m p h t i o n s  of N W B .  

Oixlorm: w r k  reported in this absba.3 was rvpportd by 
Partially suppocted by an edwtional grant horn Smahffline Beecham. 


