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Calcification (CALC) is the most frequent cause for the failure of bioprosthetic heart valves fabri- 
cated from glutaraldehyde-pretreated porcine aortic valve, and contributes to the failure of glutaral- 
dehyde pretreated bovine pericardial (BHV) bioprosthetic heart valves as well. Although systemic 
therapy in rats using ethanehydroxy diphosphonate (EHDP) has proven successful in inhibiting CALC, 
adverse effects on serum calcium, bone development, and overall somatic growth have been noted. 
The present study was designed to evaluate the potential of site-specific delivery of EHDP to arrest 
CALC of ~utar~dehyde-pretreated bovine pericardium when implanted subdermally in rats using a 
refillable reservoir drug delivery device. The refillable reservoir devices evaluated in these studies ex- 
hibited constant (zero-order) release of EHDP in vitro and replenishment of the drug supply when 
implanted subdermally in rats was achieved in a noninvasive fashion using an exteriorized entrance 
and exit cannula. The refillable reservoirs evaluated were fabricated from a commercially available 
polyurethane ( BiomerTM ) . Glutaraldehyde-pretreated bovine pericardium was implanted subder- 
mally in 21-day-old rats either alone (control) or with refillable BiomerTM reservoirs with (treatment) 
or without (sham) a 2 M solution of Na2EHDP. Implanted reservoirs which initially contained a 2 M 
solution of Na,EHDP were refilled with a fresh 2 M solution of NazEHDP on days 7 and 14 post-initial 
surgery using a syringe and the exteriorized entrance and exit cannulas. Pericardium retrieved follow- 
ing 2 1 days and assayed for calcium showed significant (P~O.001) inhibition in CALC for tissue 
implanted adjacent to refillable BiomerTM reservoirs containing EHDP (6.9 ? 2.1 hg/mg) compared 
to control ( 179.0 t 13.5 pg/mg) and sham-implanted ( 152.0 It 10.2 pg/mg) rats. Unimplanted peri- 
cardium had a mean tissue calcium concentration of 3.0 -t 0.5 @g/mg. Based on the in vitro release 
studies of EHDP from re~llable BiomerTM reservoirs, the estimated dose delivered when implanted 
subde~ally in rats in the present study was 5.5 TO.7 mg/kg per day. For rats implanted with EHDP- 
containing refillable reservoirs, histological examination of retrieved pericardium and femurs from 
rats in each group confirmed both complete inhibition of CALC of the glutaraldehyde crosslinked 
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pericardium and no untoward effects on bone development, respectively. In addition, blood samples 
obtained at sacrifice showed no change in serum Ca*+ concentrations in EHDP-treated animals com- 
pared to controls. Thus, the site-specific delivery of EHDP using refillable BiomerTM reservoirs was 
successful for inhibiting BHV CALC in a rat subdermal model with no untoward effects on bone de- 
velopment, serum Ca2 + concentrations, or overall growth. The advantages of the refillable reservoir 
system are its constant (zero-order) rate of EHDP release and its potential for replenishment of EHDP 
by noninvasive means when the EHDP solution inside the reservoir has been depleted. 

Key words: Bioprosthetic heart valve; Calcification; Controlled release; Ethanehydroxy diphosphon- 
ate; Glutaraldehyde; Polyurethane 

Introduction 

Calcification (CALC) of biomaterial im- 
plants such as glutaraldehyde pretreated bovine 
pericardium (BHV) or porcine aortic valve tis- 
sue used in the fabrication of bioprosthetic heart 
valves still remains an important clinical prob- 
lem. Mineralization ultimately leads to destruc- 
tion of the biomaterial which results in subse- 
quent patient morbidity and/or mortality. 
Presently, there is no effective therapy to arrest 
the calcification process following implantation 
of BHV [ 11. Experimental animal models have 
been extensively employed to elucidate both the 
mechanism of the calcification process and de- 
fine possible treatment strategies. Fortunately, 
these animal models yield comparable pathology 
to clinically retrieved valves. Thus, animal 
models have proven invaluable for understand- 
ing factors contributing to the calcification pro- 
cess and for reproducing at an accelerated rate 
the calcific lesions observed in clinically re- 
trieved BHV. 

Animal models that have been used to study 
calcification of bioprosthetic heart valve tissue 
include large animal circulatory implants [ 2-6 ] 
and subcutaneous implants in rodents [ 7-8 ] and 
rabbits [ 93. Ethanehydroxy diphosphonate 
(EHDP) has been shown to effectively inhibit 
experimental calcification [ lo- 111. However, 
when EHDP was administered subcutaneously to 
immature rats at doses exceeding 15 mg/kg per 
day, adverse systemic effects were observed [ 12 1. 
Specifically, adverse effects in rats when admin- 
istered EHDP at a dose greater than 15 mg/kg 

per day included retarded overall growth of ani- 
mals, impaired bone development, and elevated 
serum Ca2+ levels [ 121. Thus, while EHDP was 
a potent inhibitor of BHV calcification, direct 
parenteral administration of an EHDP solution 
to rats was shown to result in adverse systemic 
effects at doses necessary to inhibit calcification 
of implanted tissue. Recently, it has been shown 
that the site-specific administration of EHDP to 
rats implanted with BHV tissue and coim- 
planted with any one of a variety of drug delivery 
devices has resulted in the prevention of BHV 
CALC. Drug delivery devices/systems which 
have been evaluated for inhibition of BHV- 
CALC when coimplanted with BHV tissue in rats 
include monolithic matrices containing EHDP 
composed of either polydimethylsiloxane or eth- 
ylene-vinyl-acetate (6, IO- 11,13- 16 ), mini-os- 
motic pumps [ lo], polyurethane matrices [ 171, 
and nonrefillable, polyurethane reservoirs [ 18 1. 
The latter drug delivery system has the advan- 
tage of zero-order release of EHDP provided a 
supersaturated solution of EHDP is maintained 
in the lumen of the reservoir device. However, a 
reservoir device containing a saturated solution 
of EHDP will eventually exhibit an exponential 
(first-order) release rate when the EHDP solu- 
tion is of nonconstant thermodynamic activity. 
Thus, this necessitates that a reservoir device be 
refillable following depletion of EHDP to a con- 
centration defined by the solubility product 
equilibrium constant, I&, for EHDP in an 
aqueous solution. At a time corresponding to the 
point where the EHDP solution will be no longer 
saturated with respect to EHDP, the reservoir 
device should be refilled with a fresh saturated 
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solution of EHDP to reinitiate delivery of EHDP 
at a constant (zero-order) rate. 

The purpose of the present investigation was 
to characterize and evaluate refillable polyure- 
thane reservoirs with regard to release of EHDP 
in vitro into a receptor phase with or without a 
physiological concentration of Ca2 +, and a qual- 
itative assessment of the surface morphology of 
the explanted reservoirs. In addition, the refilla- 
ble polyurethane reservoirs were assessed for ef- 
ficacy at inhibiting CALC of glutaraldehyde-pre- 
treated bovine pericardium implanted 
subdermally in rats for 2 1 days. 

Experimental 

Materials 

Disodium ethanehydroxydiphosphonate 
(Na,EHDP) was provided by Norwich Eaton 
(Norwich, NY). Na2 [ 14C] EHDP (specific ac- 
tivity; 48.9 pCi/mmol) was generously supplied 
by Procter and Gamble (Cincinnati, OH). Hy- 
droxyethylpiperazine-N’-2-ethanesulfonic acid 
(HEPES) buffer was obtained from Sigma (St. 
Louis, MO ) . Ketamine hydrocholoride ( 100 mg/ 
ml) and pentobarbital sodium (2.5 g/50 ml) 
were obtained from the University of Illinois 
hospital pharmacy (Chicago, IL). Syringes used 
in the in vitro and in vivo studies were 1 ml tub- 
erculin syringes fitted with a 19.5 gauge, l&in 
needle; both types were obtained from Becton 
Dickinson Company (Rutherford, NJ). Sterile, 
nonabsorbable surgical suture (silk 3-0, MS/S) 
was purchased from Ethicon, Inc. (Sommer- 
ville, NJ). Aqua-SolR scintillation solution was 
purchased from Research Products, Inc. (Rock- 
ford, IL). 

Glutaraldehyde pretreated bovine pericar- 
dium (BHV) was prepared as follows: parietal 
bovine pericardium was obtained fresh at 
slaughter from steers and immediately incu- 
bated in iced sterile saline for not longer than 1 
h. Following dissection of superficial fat from the 
external surfaces, the pericardium was trans- 
ferred to 0.8% glutaraldehyde (E.M. Grade, Po- 
lysciences, Warrington, PA) in a physiological 

buffer (0.05 M HEPES in 0.1 M NaCl, pH = 7.4) 
for a 2-week period to initiate cross-linking. 

Methods 

Refillable reservoirs 
The refillable circular (dia = 1.27 cm; surface 

area available for diffusion =A = 2.53 cm2 ) res- 
ervoirs consisted of polyurethane ( BiomerTM ) 
sheeting and were fabricated by Thermedics, Inc. 
(Woburn, MA). A polypropylene tube 
(dia=O. 159 cm) entered and exited the lumen 
of each refillable reservoir device. The polypro- 
pylene refilling tube was discontinuous between 
the point of entry and exit from the reservoir lu- 
men. The polyurethane sheeting used to con- 
struct the circular reservoirs was approximately 
0.0105 + 3.6~ 10v4 cm thick. The volume of so- 
lution that could be instilled into an individual 
reservoir lumen was approximately 150 ~1. A 
typical refillable polyurethane reservoir device 
with entrance and exit tubes is illustrated in 
Fig. 1. 

In vitro release of [‘4C]EHDP 
Reservoirs ( n = 3 ) containing a supersatur- 

ated (2 M) solution of [ 14C]EHDP were sus- 
pended, but completely immersed, in 5 ml of a 
physiological buffer (0.05 M HEPES adjusted to 
0.15 M with NaCl, pH= 7.4) contained in 20 ml 
glass vials. The reservoir entrance and exit tubes 
were oriented in a vertical position such that the 
longer entrance tube (6-7 in) exited the glass 
vial. A syringe containing a 2 M solution of 
[ 14C]EHDP was attached to the end of the en- 
trance tube and positioned vertically above the 
diffusion system. The reservoirs were then filled 
by injection of 0.15 ml of the [ 14C] EHDP solu- 
tion and the end of the exit tube closed by flame 
sealing. Each 5 ml aliquot of receptor phase at 
22’ C was continuously stirred with a magnetic 
stirring bar powered by a magnetic stirring plate 
that was situated below the diffusion apparatus. 
At specified time points during the 9 day in vitro 
release/diffusion study, 1 ml aliquots of the re- 
ceptor phase were withdrawn from each vial, 
combined with 15 ml of scintillation solution, 
and counted on a Beckman liquid scintillation 



Fig. 1. An empty polyurethane refillable reservoir used to de- 
liver EHDP locally to BHV coimplanted in rats. (a) The po- 
lyurethane reservoir. (b) The longer entrance refilling tube. 

(c) The shorter exit tube. 

counter (model #5801, Berkeley, CA). One ml 
of fresh receptor phase was added to each vial 
containing a reservoir following removal of the 1 
ml sample for [ 14C]EHDP analysis to maintain 
sink conditions and a constant receptor phase 
volume of 5 ml. Syringes containing the 2 M so- 
lution of [ 14C JEHDP were positioned above the 
diffusion system so that refilling of the reser- 
voirs, if desired, could be conveniently per- 
formed following the termination of the steady- 
state portion of the diffusion profile. 

A second in vitro diffusion study was con- 
ducted to investigate any potential alteration in 
release rate that might arise when the receptor 
phase contained a physiological concentration of 
Ca2+ ion as would be encountered in a subcuta- 

neous environment. As described above, filled 
reservoirs (y1= 3 ) were allowed to release EHDP 
into a receptor phase (22°C) similar in compo- 
sition to that used above, but additionally con- 
taining 1.5 mM Ca”+ ion. This study was con- 
ducted in an attempt to more accurately 
characterize the release profile of EHDP antici- 
pated in vivo. 

Rat subdermal studies 
Reservoirs identical to those used in the in vi- 

tro release studies were evaluated in vivo using 
the well established rat subdermal model of ac- 
celerated calcification [ lo- 11 1. Three groups of 
rats were used in assessing the efficacy of relilla- 
ble reservoirs to inhibit the calcification of sub- 
dermally implanted bovine pericardium. All an- 
imals were anesthetized by intramuscular 
injection of ketamine hydrochloride using a dose 
of 10 mg/ 100 g of body weight. The first group 
of rats (3-week-old, male, Sprague Dawley, CD 
strain, Harlan Laboratories, Indianapolis, IN) 
were implanted on their dorsal side with glutar- 
aldehyde-pretreated bovine pericardium ( 1.3 
x 1.3 cm) attached to an EHDP-containing res- 
ervoir device which had previously been incu- 
bated in HEPES buffer for 6 days ( = the value 
of the experimentally determined lag time, t,,,). 
Each piece of BHV tissue was situated adjacent 
to a refillable reservoir drug delivery device by 
suturing the biomaterial around the entrance and 
exit ports closest to the lumen of the device. This 
procedure served to minimize animal-induced 
movement of pericardium away from the refill- 
able reservoir drug delivery device following 
subdermal implantation. The entrance and exit 
ports of the refillable reservoirs were then exter- 
iorized approximately 2.5 cm below the back of 
the head midway between the ears and the wound 
subsequently closed using surgical staples and 
suture thread. The end of the shorter exit tube 
( 1.8-2.0 in) was flame sealed and allowed a free 
range of motion ex vivo in contrast to the en- 
trance tube ( z 4-5 in) of the refillable reservoir 
device which was flame sealed and then stapled 
to the rodent’s back using surgical staples. Empty 
reservoir devices adjacent to a piece of BHV tis- 
sue were each similarily implanted in a second 
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group of rats to assess any anticalcification ef- tially contained a 2 M solution of Na,EHDP im- 
fects that might potentially be induced by the po- planted in rats adjacent to bovine pericardium 
lyurethane membrane. The last group of rats were were refilled with a fresh 2 M solution of 
implanted with BHV tissue only and served as Na,EHDP on days 7 and 14. EHDP used in all 
controls. in vivo studies was not radiolabelled. 

Based on our studies which evaluated the re- 
lease of [ 14C]EHDP in vitro from refillable res- 
ervoirs at 22’ C, the reservoirs should have been 
refilled with a fresh 2 M solution of Na,EHDP 
at a time corresponding to the mean value of the 
t unSat listed in Table 1 ( x every 19.12 2.4 days) 

where t,,,,, is defined as the time required for the 
concentration of the 2 M Na,EHDP solution ini- 
tially contained in the reservoir lumen to de- 
crease to 1.5 M. However, our previous experi- 
mental findings with nonrefillable polyurethane 
reservoirs in vivo [ 181 suggested that enhanced 
release of EHDP could potentially occur due to 
animal movement. Thus, we selected a once 
weekly refilling schedule. Reservoirs which ini- 

All rats in each group were weighed both prior 
to implantation of the refillable reservoirs and/ 
or glutaraldehyde-pretreated pericardium and at 
the time of sacrifice to assess any potential dis- 
turbances in overall growth. Immediately fol- 
lowing an overdose of pentobarbital sodium, a 
blood sample was obtained from each rat by car- 
diac puncture for determination of the serum 
Ca2+ concentrations. Reservoir drug delivery 
devices and glutaraldehyde-pretreated bovine 
pericardium were explanted following 21 days. 
Retrieved BHV tissue was minced, acid hydro- 
lysed, and then assayed for calcium content by 
atomic absorption spectroscopy as described 
elsewhere [ 81. In addition, serum Ca2+ concen- 
trations for each rat were determined using 
atomic absorption spectroscopy [ 8 1. TABLE 1 

Membrane transport parameters for EHDP diffusion through 
refillable biome?’ reservoirs 

Parameter Group 1 
(without Ca*+ ) 

Mean k SD. 

Group 2 
(with Ca*+ ) 

Mean & S.D. 

Pax 108 3.15f0.23 *0.9 15 0.11 

(cm/s) 
DbX 10” 3.44? 0.0058 3.40+0.021 
(cm*/s) 
KC 9.62 + 0.72 *2.81 f 0.34 
dh4,/dtd 3.44kO.25 *0.99+0.12 

(mg/day) 
t “ngat.e 5.5 AO.41 ‘19.1 +2.4 

(days) 
Estimated dose’ 19.1 k1.4 *5.5 +0.68 
in vivo (mg/kg/day) 

“Permeability of the membrane to EHDP (P= DK/ h). 
bApparent diffusion coefftcient. 
CApparent partition coefftcient. 
din vitro release rate. 
CTime required for the concentration of the EHDP solution 
in the reseroir lumen to decrease to 1.5 M. 
‘Based upon a final total body weight of approximately 0.18 
kg following the 2 l-day implant. 
*Significant difference (P-e 0.05 ) compared to the mean value 
of the transport parameter for Group 1 reseroirs. 

Reservoir refilling protocol 
Treatment animals were administered ketam- 

ine hydrochloride ( 10 mg/ 100 gm of body 
weight) by intraperitoneal injection on days 7 
and 14. The animals were then individually 
placed in a restraint device (Fisher Scientific, 
Chicago, IL) and the previously flame-sealed end 
of the exit and entrance cannula removed using 
a scissors. A l-ml tuberculin syringe containing 
a 2 M solution of Na2EHDP was attached to the 
entrance cannula and the entire refillable reser- 
voir system flushed with 0.5 ml of fresh drug so- 
lution. The ends of the exit and entrance tubes 
were then flame sealed and the longer entrance 
tube restapled to the rat’s back. Integrity of the 
refillable reservoir device was indirectly (quali- 
tatively) confirmed by noting efflux of the 2 M 
Na,EHDP solution from the exit cannula during 
the refilling procedure. Efflux of drug solution 
upon injection during the refilling procedure 
would suggest that the device was free from tears 
and/or perforations while implanted subder- 
mally. This qualitative assessment of mem- 
brane/device integrity in vivo was correlated 
with microscopic evaluation of the explanted 
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reservoir devices for surface defects as described 
below. 

Morphological analyses 
A representative section from all retrieved bo- 

vine pericardium was examined for CALC using 
light microscopy. Each piece of pericardium ob- 
tained at the time of sacrifice was immediately 
fixed in a cacodylate-buffered 2.5% glutaralde- 
hyde-2% paraformaldehyde solution buffered at 
pH= 7.2 [ 193 for 24 h and then dehydrated in 
graded ethanol solutions prior to embedding in 
glycolmethylmethacrylate (JB-4, Polysciences, 
Warrington, PA). Sections (2-3 pm) were 
stained with hematoxylin and eosin for overall 
morphological analyses and Von Kossa’s reagent 
for calcium phosphate localization [ lo]. In ad- 
dition, femurs from three representative rats in 
each of the three groups were dissected away from 
attached muscle at the time of sacrifice and im- 
mediately fixed in 10% neutral buffered for- 
malin (Sigma, St. Louis). No decalcification was 
performed on retrieved bone specimens. Bone 
specimens were then dehydrated, sectioned, and 
stained as described above for retrieved tissue 
specimens. Each growth plate was then evalu- 
ated histologically for any EHDP-induced 
changes. 

Reservoir membrane surface analysis 
Explanted reservoirs were allowed to air dry 

and then prepared for analysis of the polyure- 
thane surface using scanning electron micros- 
copy (SEM). Samples for scanning electron mi- 
croscopy were sputtered under vacuum with 
carbon as previously described [ 20 1. Scanning 
electron micrographs were obtained with a Hi- 
tachi Model S-570 Scanning Electron Micro- 
scope (Hitachi Instruments, Santa Clara, CA ) . 

Data analysis 
All data from the in vitro release/diffusion 

studies was analysed individually for each reser- 
voir. The diffusion profiles for [ 14C] EHDP 
through the polyurethane membranes compris- 
ing the refillable reservoirs were expressed as the 
cumulative umol EHDP detected in the receptor 
phase versus time. Comparison of mean values 

of each parameter between groups in the in vivo 
studies was performed using l-way analysis of 
variance (ANOVA) coupled with the method of 
Scheffe. 

Results 

Release of EHDP in vitro from refillable 
polyurethane (BiomerTM) reservoirs 

The in vitro diffusion of [ 14C]EHDP through 
the refillable polyurethane reservoirs into a re- 
ceptor phase with and without a physiological 
concentration of Ca2+ is shown in Fig. 2. The 
mean values of pertinent transport parameters 
for [ 14C]EHDP diffusion through the polyure- 
thane reservoirs were calculated as described 
previously [ 2 1 ] and are listed in Table 1. Retill- 
able reservoirs that were fabricated of BiomerTM 
and evaluated for the in vitro release of EHDP 
in the present study, in contrast to nonrefillable 
polyether-urea-urethane reservoirs in previous 
work [ 18 1, did not appear to imbibe receptor 
phase and swell despite a supersaturated solu- 
tion of [ 14C]EHDP contained in the reservoir 
lumen. However, the apparent lack of buffer in- 
flux noted in the present study may have poten- 
tially been due to the relatively small volume of 
saturated EHDP solution contained in each res- 
ervoir device. Moreover. the mean value of the 

- 
50 

TIME (hours) 

Fig. 2. Diffusion of [ ‘T] EHDP through refillable polyure- 
thane ( BiomerTM) reservoirs. Each symbol represents the 
mean value of the cumulative mass (umol) of EHDP re- 
leased into a physiological buffer with (A ) or without ( Q ) 

Ca’+. 
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percentage of [ 14C]EHDP released from the re- 
fillable reservoir devices by diffusion was 
5.4%?0.68 at t=248 h and 9.8%?0.72 at t=200 
h for reservoirs evaluated for release of EHDP 
into a receptor phase with or without a physio- 
logical concentration of Ca2 +, respectively. It was 
decided to terminate the in vitro studies of EHDP 
diffusion into a receptor phase with Ca2+ ion 
present or absent at 272 and 216 h, respectively 
because the entire receptor phase could not be 
completely removed and replaced with fresh 
buffer at each sampling time point. Instead, as 
described above, the receptor phase was contin- 
uously sampled and analysed for the appearance 
of [ i4C] EHDP. It is generally well accepted that 
the drug concentration in the receptor phase must 
not exceed approximately 10% of the concentra- 
tion in the donor compartment (reservoir lu- 
men) to maintain sink conditions in the receptor 
phase [ 22 1. 

The in vitro release rates of EHDP from relill- 
able reservoirs calculated from the steady-state 
portions of the diffusion profiles shown in Fig. 2 
demonstrate an approximate 3.5-fold reduction 
in the release rate of EHDP when the receptor 
phase contained a physiological concentration of 
Ca2+ (Table 1). Therefore, an approximate 3.5- 
fold increase in the mean value oft,,,,, would be 
expected for reservoirs allowed to release EHDP 
into a receptor phase containing 1.5 mM Ca2+. 
In addition, the mean values of the experimen- 
tally-determined lag times were not significantly 
different (P> 0.05 ) for EHDP transport through 
the reservoir membranes into both receptor 
phases evaluated. Hence, as expected, the mean 
values of the diffusion coefficient were not sig- 
nificantly different (Table 1). However, there 
was an approximate 3.5-fold reduction in the 
mean value of the partition coefficient for reser- 
voirs allowed to release EHDP into a physiolog- 
ical buffer containing 1.5 mM Ca’+. Since mean 
values of the diffusion coefficient were not sig- 
nificantly different when EHDP was allowed to 
diffuse in vitro into buffer either with or without 
a physiological concentration of Ca2+, it follows 
that a 3.5-fold reduction in the mean value of the 
partition coefficient would result in an approxi- 

mate 3.5-fold reduction in the mean value of the 
membrane permeability (P= DK/h ) for reser- 
voirs evaluated for EHDP release into buffer 
containing 1.5 mM Ca*+. 

Efficacy of reservoir-delivered EHDP to inhibit 
CALC of glutaraldehyde-pretreated pericardium 

As listed in Table 2, CALC of BHV was com- 
pletely inhibited when implanted adjacent to 
EHDP-loaded refillable reservoirs in rats. The 
mean value of tissue calcium concentration de- 
termined for tissue which had been implanted in 
rats adjacent to EHDP-filled reservoirs for 21 
days (6.9? 2.1 pg/mg) was significantly 
(PC 0.001) less than Ca2+ concentrations deter- 
mined for control tissue ( 179.0+ 13.5 pg/mg). 
Empty reservoirs coimplanted with pericardium 
afforded no inherent protection from tissue cal- 
cium deposition ( 152.0? 10.2 pg/mg) when 
compared to controls (Table 2 ) . No significant 
difference was found for serum Ca2+ concentra- 
tions for the 3 groups listed in Table 2, although 
serum Ca2+ concentrations were slightly ele- 
vated in both sham and EHDP-treated rats com- 
pared to controls. Lastly, no retardation in over- 
all somatic growth was observed for EHDP- 
treated and sham-implanted animals when com- 
pared to control animals (Table 2 ) . 

TABLE 2 

Inhibition of calcification of glutaraldehyde-pretreated bovine pericar- 

dium using site-specific delivery of EHDP from refillable polyurethane 

reservoirs (2 l-day implants) 

Experimental 

group 

n Tissue Ca2+ Serum Ca*+ Growth 

(pg/mg) (mg/dl) (weight as % 

of controls) 

Unimplanted 7 3.0+ 0.58.b - 
Control 4 179.02 13.5 10.5f0.92’ 100 
Reseroir (sham) IO 152.0+ 10.2 13.4+ 1.73 98.32 1.2 
EHDP-filled 8 6.9+ 2.1b 15.5k4.8 99. I If- 2.0 
reservoirs 

aMean value 2 standard error of the mean value (SEM ) 

?+gnificant difference (PC 0.001) compared to the mean value for 

controls. 
‘From Johnston et al., J. Pharm. Sci., 77 (1988) 740. 



Fig. 3. Photomicrographs of pericardiai tissue implanted subdermally, adjacent to drug-containing reservoirs and controls, for 
2 I days. (a) Tissue implanted adjacent to drug-containing reservoir, (b) tissue implanted adjacent to reservoir not containing 
drug and (c) pericardium implanted without reservoir or drug. (a) is. free of calcification while fb) and (c) demonstrate diffuse 

calcification. Von Kossa stain (calcium phosphates black ). magni~cation 160x. 



235 

Fig. 4. Femoral epiphyseal growth plates from rats receiving 
EHDP-containing reservoirs and those without drug. (a) Fe- 
mur from reservoir-delivered drug recipient. (b) Femur from 
animal receiving no drugs. Mineralization is morphologically 
normal in each case. Von Kossa stain (calcium phosphates 

black), magnification 160x. 

Histological results 

Morphological examination of retrieved tissue 
from control and sham treated rats (Fig. 3 ) re- 

vealed diffuse mineralization in the tissue with a 
morphology similar to that reported in previous 
studies [ 13,18,23 1. However, tissue implanted 
adjacent to refillable reservoirs had only mini- 
mal, focal calcitic deposits when compared to 
tissue retrieved from control rats (Fig. 3 ). These 
histological findings confirm and correlate well 
with tissue Ca2+ determinations (Table 2). To 
assess potential bone-related toxicity when 
EHDP was administered using the BiomerTM re- 
fillable reservoirs, histological analysis was also 
performed on bone tissue retrieved at the time 
of sacrifice. Figure 4 demonstrates no significant 
alteration in bone morphology in EHDP-treated 
animals when compared with bone tissue ob- 
tained from control animals. Thus, delivery of 
EHDP using refillable reservoirs was not associ- 
ated with disturbances to overall growth, bone 
development, or serum Ca*+ levels. 

BiomerTM membrane surface analysis 

Figure 5 shows a scanning electron micro- 
graph of an unimplanted (control) polyurethane 
reservoir membrane compared to an EHDP- 
filled reservoir device explanted after 21 days. 
Both unimplanted and explanted drug tilled res- 
ervoirs demonstrated an irregular surface with a 
shingled appearance. Although this uniform pat- 
tern of microcracks was consistently observed, it 
was not associated with any fragmentation or de- 
fects in the membrane. 

Discussion 

The present study has successfully demon- 
strated that refillable polyurethane reservoirs 
containing EHDP may be used to inhibit CALC 
of glutaraldehyde-pretreated bovine pericar- 
dium when coimplanted in the accelerated rat 
subdermal CALC model without adverse sys- 
temic side-effects. We were unable to conclude 
from these findings the release rate of EHDP 
from the refillable reservoirs when implanted 
subdermally in rats adjacent to the biomaterial. 
Our objective was to maintain a constant (zero- 
order) release rate of EHDP in vivo by refilling 



Fig. 5. Scanning electron micrographs comparing unimplanted polyurethane reservoir (a) to explanted ethanehydroxy diphos- 
phonate (EHDP) filled reservoir, following 2 I days in vivo (b). Both surfaces are remarkably similar demonstrating a somewhat 

shingled appearance due to uniform microcracks pf the polyurethane membrane. Dotted line = IO p. 

the controlled-release reservoirs at times corre- 
sponding roughly to the mean value of t,,,,, for 
Group 1 reservoirs evaluated for in vitro release 
of [ 14C]EHDP (Table 1). However, since the 
amount of EHDP that was delivered by the re- 
fillable reservoirs following the 2 1 -day subder- 
ma1 implants in rats was not assessed in the pres- 
ent study, two outcomes must be considered. The 
first outcome would be close agreement between 
the release rate of [ 14C JEHDP in vitro from re- 
tillable reservoirs into a physiological buffer 
containing no Ca2+ (Table 1; Group I ) and re- 
lease of EHDP in vivo, in which case, the ani- 
mals would have received a dose of approxi- 
mately 19.15 1.4 mg/kg per day. This dose 
should have resulted in adverse systemic side-ef- 
fects based on previous findings [ 12 1. Since no 
untoward side-effects to serum Ca’+, bone de- 

velopment, or overall somatic growth were noted 
in the present study when EHDP was delivered 
using the refillable reservoirs, one may conclude 
that the release rate of EHDP from the refillable 
reservoirs implanted in rats in the present study 
was less than the mean value of the release rate 
predicted from the in vitro release studies em- 
ploying a receptor phase containing no Ca2+ ion 
(Table 1; Group 1) . 

The in vivo release rate was presumably more 
accurately predicted by in vitro release studies 
utilizing a receptor phase which consisted of 
pH= 7.4 HEPES buffer and 1.5 mM Ca*+. Based 
on results evaluating the in vitro release of 
[ 14C]EHDP from refillable reservoirs into a 
physiological buffer which contained 1.5 mM 
Ca*+ (Table 1, Group 2 ) , the dose of EHDP de- 
livered in vivo can be estimated to be approxi- 
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mately 5.5 + 0.68 mg/kg per day. The estimated 
dose of 5.5 -t 0.68 mg/kg per day should prevent 
CALC of glutaraldehyde-pretreated bovine peri- 
cardium implanted subdermally in rats for 21 
days without untoward systemic side effects as 
demonstrated previously [ 18 1. 

In contrast to nonrefillable polyurethane res- 
ervoirs fabricated from MitrathaneTM which were 
previously evaluated for efficacy at preventing 
CALC of glutaraldehyde-pretreated bovine peri- 
cardium [ 181, refillable reservoirs evaluated in 
the present study released EHDP at a slower rate 
in vivo than that predicted from our in vitro 
studies using a standard physiological buffer 
which contained no Ca2+ ion. It was demon- 
strated in earlier work using nonrefillable reser- 
voirs which were solvent-cast from a 25% w/v 
MitrathaneTM solution and which contained a 1: 1 
weight ratio of Na,EHDP:CaEHDP that the 
amount of EHDP released at 21 days following 
subdermal implantation in rats was approxi- 
mately 5-fold greater than the amount of EHDP 
released from identical reservoirs evaluated in 
vitro [ 18 1. This was suggested to potentially re- 
sult from movement-induced flexing and bend- 
ing of the nonrefillable reservoirs while in the 
subdermal space and possible hydrolytic degra- 
dation (biodegradation) of the polyurethane 
with subsequent cracking of the polyurethane 
membrane [ 241. In addition, nonrefillable 
EHDP-containing reservoirs evaluated previ- 
ously [ 18 ] were much larger in size (o.d. = 0.36 
cm, i.d. =0.33 cm, length = 4 cm) than refillable 
reservoirs evaluated in the present study. An in- 
crease in the amount of EHDP released from re- 
fillable reservoirs due to animal movement would 
appear unlikely in the present study since no dis- 
turbances to overall growth, bone formation, or 
serum Ca2+ levels were noted, unless the en- 
hanced release of EHDP in vivo from BiomerTM 
reservoirs did not exceed a total daily dose of 15 
mg/kg. Thus, the second outcome appears more 
likely; namely, that a reduction in the release rate 
of EHDP from the refillable reservoirs occurred 
when the reservoirs were coimplanted subder- 
mally with glutaraldehyde-pretreated bovine 
pericardium in rats for 2 1 days compared to the 

release rate predicted from in vitro release stud- 
ies employing a buffer devoid of Ca2+. 

A decrease in the rate and extent of EHDP re- 
lease from refillable reservoirs implanted adja- 
cent to glutaraldehyde-pretreated pericardium in 
rats compared to the rate and amount of EHDP 
release predicted from in vitro release studies in 
which a non-calcium containing receptor phase 
was utilized may have occurred for several rea- 
sons. It is well documented [25-261 that lipid 
absorption may cause a decrease in the release 
rate of drugs as a function of time when con- 
trolled release devices are implanted in body tis- 
sues. This is especially true for polyurethanes 
such as BiomerTM [ 27 1. In addition, since refill- 
able polyurethane reservoirs used in this study 
which were implanted subdermally in rats would 
have been continuously bathed by interstitial 
fluids containing a physiological concentration of 
Ca2+ , the potential exists for precipitation of the 
highly water-insoluble calcium salt of EHDP on 
the external surface of the rate-limiting polyure- 
thane membrane. Precipitation of CaEHDP on 
the external surface of the polyurethane mem- 
brane following diffusion of EHDP through the 
polymer membrane might potentially restrict/ 
hinder release of additional EHDP from the res- 
ervoir lumen. Lastly, it is important to note that 
transport of the [ 14C] EHDP anion through the 
polyurethane membrane represents a combina- 
tion of diffusion and equilibrium between Ca2+ 
and EHDP. Further characterization of electro- 
lyte diffusion through this polyurethane mem- 
brane will be the focus of future studies. 

Implications for drug delivery 

The refillable polyurethane reservoir devices 
evaluated in the present investigation have po- 
tential applications for disease states in which 
maximum therapeutic efficacy is achieved with 
prolonged, elevated concentrations of a drug 
substance at a specific tissue site. The commer- 
cial polyurethane investigated in our study has 
been suggested to be suitable for use in short-term 
delivery (less than 2 weeks) of uncharged water- 
insoluble drugs [ 27 1. However, we have dem- 
onstrated that refillable reservoir devices fabri- 
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cated using BiomerTM membrane may have po- 
tential benefit in the controlled delivery of EHDP 
(a water-soluble, charged species) for greater 
than two weeks. This would allow use of the re- 
fillable reservoir devices as a site-specific deliv- 
ery system which could be used in combination 
with EHDP-containing polymer matrices (mon- 
olithic drug delivery system), osmotic pumps, 
etc. 

The advantage to the refillable polyurethane 
reservoirs evaluated in the present study was the 
capacity to be refilled when all or a fraction of 
the drug supply had been exhausted. Knowing the 
time required for the initially saturated 
Na,EHDP solution contained in the reservoir 
lumen to reach a drug concentration of noncon- 
stant thermodynamic activity, it is possible for 
the reservoirs to be refilled at a frequency that 
would allow a constant (zero-order) rate of 
EHDP release. However, as would be expected, 
refilling the reservoirs at predetermined times to 
insure a constant rate of EHDP release in vivo 
assumes that release of drug in the subcutaneous 
environment of the rat can be accurately pre- 
dicted from in vitro release studies. In addition 
to the advantage of a constant rate of EHDP re- 
lease, the refillable reservoirs evaluated in our 
studies were refilled using a standard needle-in- 
jection technique; that is, reservoirs were refilled 
with a saturated solution of EHDP using a non- 
invasive technique. Replenishment of the drug 
supply using a polymer matrix (monolith) in 
which EHDP has been homogeneously dispersed 
is not possible post-implantation. Thus, the util- 
ity of the refillable reservoir system evaluated in 
the present study to the prevention of BHV- 
CALC stems from its potential for use in com- 
bination with other successful treatment strate- 
gies aimed at inhibiting CALC of glutaralde- 
hyde-pretreated biomaterial. Other drug delivery 
systems that have been successfully used to pre- 
vent CALC of glutaraldehyde-pretreated bioma- 
terial in experimental animal models have in- 
cluded EHDP containing polymer matrices 
[6,10-l 1,13-161, osmotic pumps [lo], and tis- 
sue pretreatment strategies [ 23,28-301. The 
combination of the biocompatible refillable res- 

ervoir with various tissue pretreatments and 
EHDP-containing polymer matrices would make 
possible a continuous supply of EHDP to bio- 
prosthetic tissue and avoid potential reoperation. 

In conclusion, we have demonstrated that 
CALC of glutaraldehyde-preserved bovine peri- 
cardium implanted subdermally in rats for 21 
days may be inhibited using a refillable, polyu- 
rethane reservoir drug delivery system contain- 
ing EHDP when implanted adjacent to the 
biomaterial. The benefits of using such a system 
to prevent CALC of glutaraldehyde-preserved 
biomaterial results from its capacity to be re- 
filled at regular time intervals by a noninvasive 
technique. A refillable reservoir system for the 
site-specific delivery of EHDP in combination 
with other drug delivery and tissue pretreatment 
strategies may potentially hold promise for the 
prevention of CALC of tissue contained in BHVs. 
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