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bstract

The development of a ‘biorelevant’ approach for accelerating drug release from an implant is described. A miniature, capillary system has been
hown previously to be suitable for real-time release tests for a biodegradable, naltrexone implant. Whereas the real-time study under physiological
ondition was essential for evaluation of the system, the accelerated (short-term) method provides for a faster assessment of in vitro drug release
hat would be useful in product development and quality control.

Increased temperature was employed as the mechanism for accelerating drug release. Release rates were investigated and compared using
odifications of two devices: the flow-through cell and the new, potentially more ‘biorelevant’ capillary device. The data generated for accelerated

elease using both devices through 45 days indicated approximately two-fold and four-fold increases in release rates at 45 and 55 ◦C, respectively,
s compared to the real-time release rate. The similar activation energy values for both devices obtained from Arrhenius plots demonstrated that

he release mechanism had been consistent; and that the rates of release could be used for long-term prediction. The rate of release reverted to
hat observed in real-time data, however, upon a reduction of temperature to 38 ◦C. The results demonstrated that temperature was the sole factor
nvolved in modification of the release rate in vitro. The profiles using both systems followed zero-order kinetics after an initial period of burst
elease.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Most depot formulations made from biodegradable polymers
elease the incorporated drug over an extended period of time
Eldrige et al., 1991). An estimation of the real-time release
ate is critical for characterization of these dosage forms. The
rocess however, consumes significant time spanning weeks or
onths for sustained release parenteral dosage forms. This is

isadvantageous in early research, and therefore not conducive
or efficient management of the product development pipeline.
ccelerated in vitro release tests are also desirable for qual-

ty control, particularly for setting specifications for releasing

atches.

Accelerated stability testing has been employed to predict
he shelf life of drugs and dosage forms (Baertschi and Jansen,
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nd flow-through devices; Accelerated in vitro release testing

005). Method applications to accelerate dissolution rates of
ral dosage forms have been published (Scott, 2002). Several
arameters, such as changes in temperature, pH, solvent, ionic
trength, surfactants, agitation rate, enzymes, and the applica-
ion of microwaves alter the rate of in vitro dissolution/release
Iyer et al., 2006). The primary consideration during application
f these tests is that only the rate of drug release should increase
s a function of changes in the selected parameter; the mecha-
ism of drug release, however, should not be altered (Burgess
t al., 2002). Furthermore, the accelerated test should mimic
hysiological conditions at the site of administration (termed
biorelevance’) to the extent possible.

For biodegradable matrices, temperature is most often
elected as the parameter of choice since it has been proven
o induce maximum effects on release rates (Scott, 2002). The

pplication of accelerated tests for in vitro release of subcuta-
eous implants requires prior consideration of several factors
Table 1). These factors represent changes that could be induced
s a result of employing stressed conditions for the test. As an
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Table 1
Factors influencing application of stress conditions for accelerating in vitro drug
release from subcutaneous implants

Selection of an appropriate parameter for stress induction
The mechanism controlling the release of drug from the dosage form
The stability of the medium
The stability of the drug in the dosage form, and in the medium once released
The robustness of the in vitro release apparatus to withstand the applied stress
Determination of the sampling interval and the duration of the study
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evant range was possible as an option to accelerate drug release
he solubility of the drug, the dose rate and the influence of ‘sink’ conditions

xample, variables that control the release rate from matrix-
ased drug delivery systems are the composition of the polymer
nd porosity changes (Bergsma et al., 1994). The variables are
nfluenced at elevated temperature to shorten degradation time
or polylactides (Aso et al., 1994), and to demonstrate drug
elease mechanisms (Cha and Pitt, 1989; Kaniwa et al., 1995).
owever, as a function of the composition of the polymer, drug

elease is also accompanied by a softening of the polymer due
o enhanced hydration and degradation (Pitt, 1990). Therefore,
t is important to select and adjust the parameter only to an
xtent such that the integrity of the dosage form matrix is not
ompromised.

Stabilities of the medium and the drug are also significant
actors that need consideration. The components of the medium
re likely to undergo degradation under the stress conditions
mployed. The degradation products formed would accumulate
n the medium if a closed system, in which the same medium is
ept recirculating through the release apparatus into the reservoir
or the complete duration of study, is used. Several confounding
vents can then occur in the system. Drug release may be influ-
nced by possible deviations in pH, buffer capacity, or osmolality
rom initial values of a medium freshly prepared. In addition, a
aster degradation of the dosage form matrix may be induced due
o bulk processes, such as ‘autocatalysis’, whereby the liberated
ree carboxylic end groups catalyze further cleavage of ester
roups of polycaprolactones. This could result in complicated
elease mechanisms, deviating from the objective of keeping the
echanism consistent with real-time studies.
Another important factor for consideration during method

ptimization for accelerated release is the robustness of the
est apparatus to withstand the applied stress conditions. This
equires that the apparatus must have well-defined components
hat do not undergo deterioration. Depending upon the exposure
f parts to the flow of medium, all pieces of tubing, connectors,
nd filters, O-rings, etc. have to be checked for abrasion under
est conditions.

Further insight can be gained by an investigation of the drug’s
tability under elevated temperatures. Verification of the validity
f using these conditions might include an Arrhenius plot after
btaining release rate profiles from linearized release profiles
Makino et al., 1985). The question that remains, however, is
hat constitutes a significant change in the dissolution profile,
ince defined limits for the consideration of percent drug remain-
ng in the medium after a designated test time are not available
n any guidance (Storey, 1996).

u
i
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Naltrexone, an opiate receptor antagonist (Resnick et al.,
974), has been recognized as a good candidate for formula-
ion as an implant to increase patient compliance and ultimately
mprove treatment effectiveness (Brewer, 2002; Hulse et al.,
004). In earlier studies (Iyer et al., 2007; Iyer et al., in press), we
nvestigated a ‘biorelevant’ approach to real-time drug release
esting of a biodegradable, subcutaneous implant of naltrexone.
esign modifications of a capillary device and a flow-through

ell were employed for release rate investigations, and the data
uggested that a better representation of in vivo drug absorption
ay be achieved in vitro using the capillary device. In addition, a

etailed characterization of the modified Hank’s balanced salts
olution had established its potential for in vitro drug release
tudies. Although the use of accelerated methods for dissolution
ate studies of oral dosage forms (Quist and Östling, 2002) are
vailable, no published information is available on application
f this technique for subcutaneous implants.

In this study, we describe an approach based on elevated tem-
erature to accelerate naltrexone release from the implant. This
s the first publication on accelerated release testing for a subcu-
aneous implant dosage form, although published approaches
or tablets are available. Two elevated temperatures, 45 and
5 ◦C, were investigated for increasing the rate of drug release.
odified flow-through cells and previously separated capillary

evices for real-time release were utilized.

. Materials and methods

.1. Materials

Naltrexone hydrochloride (USP Grade, working standard)
or the assay was obtained from Sigma (St. Louis MO, USA).
he capillary device (CellmaxTM) was procured from Spectrum
abs, CA, USA. The sagittal saw for the study was generously
rovided by Stryker Corporation, MI, USA. Analytical grades
f triethylamine, ammonium hydroxide and trifluoroacetic acid,
nd Hank’s balanced salts (1 × 10 l) and HEPES buffer (10 mM)
ere purchased from Sigma (St. Louis, MO, USA). Sodium
ydroxide was procured from Fisher Scientific (Fairlawn, NJ,
SA). HPLC grade Acetonitrile was purchased from Burdick
Jackson (Honeywell International, Inc. MI, USA). Water was

btained in-house using the Nanopure Diamond water system
Barnstead International, IO, USA).

.2. Selection of temperature as the parameter for
ccelerating in vitro release rate

The modified Hank’s balanced salts solution was pumped at
he same flow rate as employed in the real-time study (Iyer et
l., in press). The ‘biorelevant’ flow rate had been calculated to
e 1.06 ml/min on the basis of shear stress (0.07–20 dyne/cm2)
hat endothelial cells are exposed to in vivo (Redmond et al.,
995). Although an enhancement of flow rate within the biorel-
sing the flow-through cell, it could not be expected to result
n significant changes in release rates with the capillary device.
his was because the flow of medium entering a capillary device
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The flow-through and capillary systems were modified to
accommodate the implants as described earlier (Iyer et al., in
press). The flow-paths were assembled as described in Sec-
tion 2.4. A final check of the flow rate was conducted before
S.S. Iyer et al. / International Journa

ould be split between 50 capillaries within the device. Also,
ince the implant was placed in the extracapillary space (repre-
entative of the subcutaneous interstitium) as compared to the
ow-through cell, the medium would not flow directly across its

ength. Any increase of flow rate in the circulating loop would
ot have translated into a corresponding flow rate increase at the
ite in which the implant was positioned. Therefore, flow rate
as not considered as a useful parameter. pH and ionic strength
f the medium could also be potentially modified to accelerate
rug release. However, a reduced ionic strength would denote a
eduction in buffer capacity of the medium and could result in the
edium to deviate from physiological pH range when used over
prolonged period of time. Polycaprolactone and poly(glycolic
cid) are degraded by enzymes, such as esterase and elastase
ark et al. (1993). The enhanced degradation of the polymer
ould increase the release rate of drug. However, the addition
f enzymes could potentially lead to other challenges, such as
evelopment of selective analytical methods capable of detect-
ng a larger number of degradation products generated by the
nzyme itself. Furthermore, a difficulty exists in maintaining
nzyme activity constant throughout the period of study. The
se of surfactants would also suffer from similar disadvantages
s enzymes, in terms of maintenance of exact concentration and
etection of additional degradation products.

Therefore, temperature was selected as the parameter of
hoice. Two elevated temperatures, 45 and 55 ◦C, were utilized
or this purpose, and a comparison of data obtained using the
odified flow-through cell and capillary device were compared
ith the real-time release rates at 38 ◦C. The 55 ◦C was selected

s the highest temperature based upon the melting point range
f the polymer, 59–64 ◦C (Pitt et al., 1980; Pitt, 1990).

.3. Calculation of ‘sink’ conditions

The solubility of naltrexone freebase in Hank’s balanced salts
olution at 32 ◦C is 5.42 mM Stinchcomb et al. (2002). This
eported value was used for calculation of ‘sink’ conditions.
ased upon a conservative factor of 3 times the solubility of the
rug, the threshold concentration for a departure from sink con-
itions at 32 ◦C would be 1.63 × 10−2 M or 5.54 mg/ml. Since
elease rates from implants were expected to be much slower and
ssuming that the solubility of naltrexone does not vary much
s a function of temperature, the value indicated fair flexibility
rovided for accumulation of drug in the release medium prior
o replacement.

.4. Additional modifications of system assembly

All components of the system used previously for investiga-
ion of real-time release rate were employed also for this study.
o changes were required, except that out of the six flow-through

ells and six capillary devices used previously at 38 ◦C, three
ach were utilized at the two elevated temperatures investigated.

wo water baths calibrated to provide temperatures of 45 and
5 ◦C inside the media reservoirs were utilized for this purpose.
he flow path and location of the system components (pump,

ubing, etc.) relative to each other were modified suitably. This
F
r
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nvolved providing new connections to all 12 channels of the
ump in order to divert them to the desired devices.

The other system components that including reservoirs,
raction collectors, glass beads, and filters were the same as
mployed in the previous paper (Iyer et al., in press). The pump
as calibrated for a flow rate of 1 ml/min.

.5. Test material

The naltrexone implants employed earlier in the real-time
elease study (Iyer et al., in press) were utilized for this investi-
ation. Important information about the persistence of an intact
embrane sheath and a homogenous core after 90 days of

eal-time testing had been obtained through scanning electron
icroscopy. These implants were obtained from Durect Cor-

oration, CA, USA. The monolithic implant consisted of a
iodegradable core of naltrexone: polycaprolactone enclosed in
sheath of poly-(dl-lactide:caprolactone). The implant itself
as fabricated by melt-extrusion and the ends of the cylinder
ere sealed with the same polymer that had been used for the
embrane sheath. The implants retained their dull grey appear-

nce following the real-time in vitro study. Fig. 1 is a photograph
f the implant after the real-time in vitro release study.

.6. Accelerated in vitro drug release experiments
ig. 1. Photograph of the biodegradable naltrexone implant after real-time
elease investigation of 90 days.
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eservoirs containing fresh media pre-heated to the selected tem-
eratures were placed in the water bath, and the flow path closed.
or the accelerated study, three flow-through and three capillary
evices containing an implant were studied at 45 and 55 ◦C.
ince one implant had been sacrificed for microscopic evalua-

ion following real-time studies, it was decided to employ two
mplants for the flow-through cell at 55 ◦C. When the system
as ready, the pump was switched on. The side ports of the

apillary device were kept open initially to allow air in its extra-
apillary space to escape. As soon as the medium made its way
p, the ports were closed to enable the medium to exit via the
nd port into the reservoir. The system was operated continu-
usly except that the pumps were stopped during replacement
f buffers. Samples were collected every 24 h for 45 days, and
ere stored below −20 ◦C until analysis.
Periodic checks were conducted for the temperature inside

he vessel. For reservoirs at 45 and 55 ◦C, the flow rate and pH
f the media were checked every 4th and 3rd day, respectively,
s determined by Iyer et al. (2007). Media replacement was also
onducted on those days. For medium replacement, the outlet
rom the reservoir was removed. After the medium in the loop
rained back in the reservoir, the pump was stopped. The stopper
as removed, and the needles and filter were rinsed thoroughly
ith water to prevent any carryover of naltrexone. Reservoirs

ontaining fresh medium pre-heated to 45 ◦C or 55 ◦C, as the
ase may be, was placed in the water bath, and the stopper was
eplaced. The pump was switched back on and as described
reviously, side ports of the capillary device were manipulated to
llow entrapped air to escape. The complete procedure required
ess than 10 min of pump stoppage time. No fluctuations in flow
ate were observed throughout the study, because no clogging
f the filters occurred. At the end of 45 days, the implants were
aken out of the release devices, and allowed to dry at room
emperature and the weights were recorded.

It was decided to cross-validate the approach in terms of
hanges in the implant matrix during the accelerated study that
ould potentially influence the mechanism of release. This was
ased on the assumption that if at all any matrix changes had
aken place, a reversal of the temperature back to real-time con-
ition (38 ◦C) would result in a different release profile from
hat reported initially (Iyer et al., in press). Therefore using both
ypes of devices, the study was extended into a real-time inves-
igation at 38 ◦C to cross-check if satisfactory release profiles
ere still obtained. A single water bath was used for this pur-
ose, as had been described in the earlier paper (Iyer et al.,
n press).

. Results and discussion

.1. System performance

The system worked efficiently throughout the study period.
t the end of Day-20, the peristaltic pump tubing was checked
or abrasions to avoid possible leakage. Replacement of tubing
as not required during the study. No visible contamination
f microorganisms was observed indicating the efficiency of
he antimicrobial agent, Primocin. The pump performance was

r
u
0
a
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ugged in terms of a constant maintenance of flow rate during
he entire study period. No flow fluctuations due to clogging of
lters in the flow-through device were observed, also indicating

hat the dosage form had retained its integrity. This was further
erified at the end of the study by removal of the dosage form
rom the devices and measuring its dimensions.

On one occasion while the capillary devices was running at
5 ◦C, a minor leak (approximately less than 2 ml of medium
ad been lost) was detected at the spot where the system had
een resealed. This was effectively sealed within 0.5 h, however,
nd a concentration factor for the lost amount of naltrexone was
mployed in further calculations for that particular device.

Media replacement proceeded smoothly with a 10-min pump
toppage time. The pH was observed to vary up to only ±0.05
nits as measured for the medium immediately after each
eplacement; thereby indicating that the modified Hank’s bal-
nced salts solution had adequate buffer capacity for accelerated
tudy of the implant. A visible examination of media performed
eriodically indicated the absence of microbial contamination.

.2. Sample analysis

The samples were analyzed by a validated high performance
iquid chromatography (HPLC) method described elsewhere
Iyer et al., 2007). The peak areas at 204 nm for naltrexone were
sed for quantification. No chromatographic interference was
bserved from any degradation product. The calibration curves
ere linear in the range of 0.16–20 �g/ml (r2 > 0.99) using a
eighting factor of 1/concentration, and the precision and accu-

acy of quality control samples processed and analyzed along
ith the samples were all within 5% of the nominal concen-

ration. The results were expressed as micrograms per milliliter
f medium, that were used for calculation of cumulative drug
eleased by taking into account the volume of medium in the
eservoir and a correction factor for the amount of drug lost at
ach sampling point.

A R.S.D. of 19.43% (n = 6) was obtained for mean con-
entrations of naltrexone in samples withdrawn 12 h after each
onsecutive replacement of medium. Any additional peaks that
ould have represented degradation of drug, dosage form, or

apillary material, were not observed. Assuming drug release
o follow zero-order kinetics, this result is consistent with the
act that: (a) solid-state degradation of the drug in the implant, if
ny, was negligible, and (b) no carryover in terms of non-specific
inding of naltrexone to the flow path existed.

.3. Analysis of accelerated in vitro release data

A comparison of the accelerated release profiles obtained
or 45 days using the modified flow-through and capillary
evices is made in Fig. 2. Overall, the rates of release of nal-
rexone using the flow-through cell were 0.22 mg/12 h (95%
I: 0.198, 0.233), and 0.39 mg/12 h (95% CI: 0.348, 0.429),
espectively, at 45 and 55 ◦C. The rates of release of naltrexone
sing the capillary device were 0.09 mg/12 h (95% CI: 0.077,
.102), and 0.18 mg/12 h (95% CI: 0.161, 0.201), respectively,
t 45 ◦C and 55 ◦C. The capillary device resulted in lower rates
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Fig. 2. (a) Cumulative release plot and (b) release rate plot for naltrexone
implants under accelerated conditions using the modified flow-through and cap-
illary devices (n = 3). Key: (�) flow-though cell at 55 ◦C*; (�) flow-though cell
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t 45 ◦C; (�) capillary deivce at 55 ◦C; (�) capillary device at 45 ◦C (error bars
epresent standard deviations; *n = 2).

f release at corresponding temperature levels, consistent with
hose observed in real-time data. This can be explained by a
ower rate of flow of the medium in extracapillary space, thus
ffectively simulating a barrier to diffusion that would exist in
ivo.

For both the devices and at both temperatures, the values
entioned above represented a significant (p < 0.0001) increase

n the overall rate of release from the corresponding real-time
ates. This proved that the increased temperature had succeeded

n accelerating the release rate from the implant in vitro.

Table 2 represents mean release rates of naltrexone from
he implants using both devices at 38, 45, and 55 ◦C, in peri-
ds following initial burst when steady zero-order profiles were

A
t
w
c

able 2
omparison of mean release rates (mg/12 h) of naltrexone at different temperatures

ondition Type of device

Flow-through

8 ◦C (Data beyond Day-25) 0.09 (0.04)
5 ◦C (Data beyond Day-10) 0.20 (0.03)
5 ◦C (Data beyond Day-10) 0.35 (0.07)

alues in parentheses represent standard deviations.
ig. 3. Arrhenius relationships of release rates using the modified flow-through
n = 5) and capillary devices (n = 6) at 38, 45 and 55 ◦C. Key: (�) flow-though
ell; (�) capillary device.

bserved. At 45 ◦C, the release rate using the flow-through cell
nd capillary device increased 2.2-fold and 2.0-fold, respec-
ively, as compared to the corresponding rates at 38 ◦C; whereas
t 55 ◦C, the rates increased 3.9-fold and 4.0-fold with the cor-
esponding devices. These observations show that, irrespective
f the type of device used, temperature was the sole critical
arameter that determined increase in release rate.

Furthermore, an initial period of burst release was observed
onsistent with the phenomenon observed during real-time
elease. The percolation-limited diffusion theory (Tzafriri, 2000)
ffers a possible explanation for this phenomenon. A pool of
obile drug molecules would exist on the dried polymer sur-

ace. As soon as fresh medium flows into the pool, naltrexone
elease would follow immediately and account for the phase of
urst release. For the flow-through cells, mean peak release rates
f 1.04 and 0.47 mg/12 h were observed at 55 and 45 ◦C, respec-
ively; whereas for the capillary device, the rates were 0.37, and
.28 mg/12 h, respectively, at the two temperatures. The time for
eak burst release at both temperatures, however, remained 0.5
nd 1 day with the flow-through and capillary devices, respec-
ively, as comparable to corresponding observations in real-time
elease profiles. This observation shows that although the mag-
itudes of release rates were different, no indication of a change
n release mechanism had occurred.

To demonstrate the validity of the temperatures used, an

rrhenius relationship was investigated for both devices using

he zero-order rate constants. A good linear relationship (Fig. 3)
as found for both devices. The energy of activation (Ea), as cal-

ulated from the slopes was 16.62 and 17.84 kcal/mol, for the

Statistical significance (p)

Capillary

0.04 (0.03) <0.0001
0.08 (0.02) <0.0001
0.16 (0.05) <0.0001
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ow-through cell and capillary device, respectively. The similar
ctivation energy values obtained for both the devices demon-
trated that the release mechanism had been consistent; and
hat the rates of release could be used for long-term prediction.
lso, the Ea values were greater than 5.65 kcal/mol, the activa-

ion energy earlier reported (Iyer et al., 2007) for naltrexone in
he same medium under similar conditions. Although activation
nergies cannot be assumed to be truely additive, we can spec-
late that the higher values of Ea are a result of contributions
rom degradation and/or erosion of the polymer.

It is recommended that the specifications for accelerated
elease should include a determination of at least 80% of the
umulative amount released (Burgess et al., 2002). Also, for a
rediction between accelerated and real-time release, it has been
uggested that the time to reach a cumulative release of approx-
mately 100% be used to determine whether a relationship can
e established for products with different real-time release rates.
major objective for any product is to provide a thorough char-

cterization of the release profile in vitro, the practical aspects
f the recommendation are questionable, especially when sus-
ained release dosage forms with drug release over a period of

onths are investigated. Furthermore, the Arrhenius plots for

oth devices showed that a prediction for long-term acceler-
ted release from this implant could be made. Therefore, it was
ecided to terminate the study after 45 days, during which the

ig. 4. (a) Cumulative release plot and (b) release rate plot for naltrexone
mplants under real-time conditions using the modified flow-through (n = 5) and
apillary devices (n = 6) to cross-validate the accelerated release study. Key: (�)
ow-though cell; (©) capillary device.
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elease rates were determined to be consistent with zero-order
inetics.

Fig. 4 is a representation of the profiles obtained after
everting the test temperature back to 38 ◦C. A phase of
urst release more prominent for the flow-through cell was
bserved. Release rates decreased correspondingly with the
ow-through cell [0.07(±0.013) mg/12 h] and capillary device
0.04(±0.004) mg/12 h]. This observation demonstrates that the
ntegrity of the dosage form was maintained throughout the stud-
es and the release rate mechanism followed zero-order kinetics
fter an initial stage of burst release.

. Conclusion

This study investigated the application of a ‘biorelevant’
pproach to accelerate naltrexone release from a biodegradable
mplant. The capillary system was employed without any major

odification from that used for real-time study and remained sta-
le throughout the investigation at elevated temperatures. The
odified Hank’s balanced salts solution has been shown to be

uitable for accelerated release rate investigation of the implant.
ample analyses using a validated stability-indicating HPLC
ethod resulted in zero-order in vitro release profiles. Drug

elease using both devices increased by identical magnitudes
ithout affecting the rate mechanism. The results demonstrated

he controlled use of temperature to be a useful parameter to
nvestigate accelerated drug release from implant dosage forms.
urther investigations with implants having different release rate
haracteristics would validate the approach. Upon validation,
he methodology will be very useful for long-term prediction of
rug release from implants, or for setting specifications as part of
uality control, depending upon the stage of development of the
est product. Decisions regarding the duration for which accel-
rated release studies need to be conducted in order to allow
dequate characterization of drug release need to be made on a
ase-by-case basis.

cknowledgements

The authors acknowledge Durect Corporation, CA, USA, for
roviding implants for the study. The financial assistance and
taff of the Biopharmaceutical Analysis Core Laboratory and
enter for Drug Studies at Virginia Commonwealth University,
chool of Pharmacy are gratefully acknowledged. Thanks are
lso due to Mark Schneider at Stryker Instruments for providing
he sagittal saw. Sunil Iyer acknowledges financial support in
he form of Dissertation Fellowship from School of Graduate
tudies at Virginia Commonwealth University.

eferences

so, Y., Yoshiyoka, S., Wan Po, L., Terao, T., 1994. Effect of temperature
on mechanisms of drug release and matrix degradation of poly(d,llactide)

microspheres. J. Controlled Release 31, 33–39.

aertschi, S.W., Jansen, P.J., 2005. Stress testing: a predictive tool. In: Baertschi,
S.W. (Ed.), Pharmaceutical Stress Testing. Predicting Drug Degradation.
Drugs and the Pharmaceutical Sciences, vol. 153. Marcel Dekker Inc., New
York, pp. 13–50.



l of P

B

B

B

C

E

H

I

I

I

K

M

P

P

P

Q

R

R

S

S

S.S. Iyer et al. / International Journa

ergsma, J.E., Rozema, F.R., Bos, R.R.M., Boering, G., De Bruijn, W.C., Pen-
nings, A.J., 1994. In vivo degradation and biocompatibility study of in vitro
pre-degraded polymerized polylactide particles. Biomaterials 16, 267–274.

rewer, C., 2002. Serum naltrexone and 6-beta-naltrexol levels from naltexone
implants can block very large amounts of heroin: a report of two cases.
Addict. Biol. 7, 321–323.

urgess, D.J., Hussain, A.S., Ingallinera, T.S., Chen, M.L., 2002. Assuring
Quality and Performance of Sustained and Controlled Release Parenterals:
Workshop Report. AAPS Pharm. Sci., 4, article 7.

ha, Y., Pitt, C.G., 1989. The acceleration of degradation-controlled drug deliv-
ery from polyester microspheres, 8, 259–265.

ldrige, J.H., Staas, J.K., Meulbroek, J.A., Tice, T.R., Gilley, R.M., 1991.
Biodegradable and biocompatible poly(dl-lactide-co-glycolide) micro-
spheres as an adjuvant for staphylococcal enterotoxin B toxoid which
enhances the level of toxin neutralizing antibodies. Infect. Immun. 59,
2978–2986.

ulse, G.K., Arnold-Reed, D.E., O’Neil, G., Chan, C.-T., Hansson, R., O’Neil,
P., 2004. Blood naltrexone and 6-�-naltrexol levels following naltrexone
implant: comparing two naltrexone implants. Addict. Biol. 9, 59–65.

yer, S.S., Barr, W.H., Karnes, H.T., 2006. Profiling in vitro drug release from
subcutaneous implants: a review of current status and potential implications
on drug product development. Biopharm. Drug Dispos. 27, 157–170.

yer, S.S., Barr, W.H., Karnes, H.T., 2007. Characterization of a potential
medium for ‘biorelevant’ in vitro release testing of a naltrexone implant,
employing a validated stability-indicating HPLC method. J. Pharm. Biomed.
Anal. 43, 845–853.

yer, S.S., Barr, W.H., Dance, M.E., Coleman, P.R., Karnes, H.T. A ‘biorelevant’

system to investigate in vitro drug released from a naltrexone implant. Int.
J. Pharm, in press.

aniwa, N., Shameem, M., Katori, N., Aoyagi, N., Kojima, S., 1995. The suit-
able temperature for the evaluation of controlled release products in vitro.
Pharmazie 50, 53–55.

S

T

harmaceutics 340 (2007) 119–125 125

akino, K., Arakawa, M., Kondo, T., 1985. Preparation and in vitro degrada-
tion properties of polylactide microcapsules. Chem. Phar. Bull. 33, 1195–
1201.

ark, K., Shalaby, W.S.W., Park, H., 1993. Biodegradable hydrogels for
drug delivery. Technomic Publishing Co., Inc., Lancaster, PA, pp. 189–
232.

itt, C., Marks, T.A., Schindler, A., 1980. Biodegradable drug delivery sys-
tems based on aliphatic polyesters: application to contraceptives and narcotic
antagonists. In: Baker, R. (Ed.), Controlled Release of Bioactive Materials.
Academic Press, Inc., New York, pp. 19–43.

itt, C., 1990. Poly-�-caprolactone and its copolymers. In: Chasin, M., Langer,
R. (Eds.), Biodegradable Polymers as Drug Delivery Systems, Drugs and
the Pharm. Sciences Series, vol. 45. Marcel Dekker, Inc., New York, pp.
71–120.
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