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bstract

The association polymer system of cellulose acetate phthalate (CAP) and Pluronic F-127 (PF-127) was used to create intermittent release
evices for mimicking the daily injection of simvastatin that has been reported to stimulate bone formation. To enhance solubility in water,
rodrug simvastatin was modified by lactone ring opening, which converts the molecule to its hydroxyacid form. CAP/PF-127 microspheres
ncorporating simvastatin acid were prepared by a water–acetone–oil–water (W/A/O/W) triple emulsion process. Devices were then fabricated
y pressure-sintering UV-treated blank and drug-loaded microspheres. Using a multilayered fabrication approach, pulsatile release profiles were
btained. Delivery was varied by changing loading, number of layers, blend ratio, and incubation conditions. To determine the cellular effects
f intermittent exposure to simvastatin acid, MC3T3-E1 cells were cultured with either alternating or sustained concentrations of simvastatin
cid in the medium, and DNA content, alkaline phosphatase activity, and osteocalcin secretion were measured. For all three cell responses,

ultures exposed to simvastatin acid showed higher activity than did control cultures. Furthermore, cell activity was greater for cells cultured
ith intermittent concentrations of simvastatin acid compared to cells that were constantly treated. These results imply that devices intermittently

eleasing simvastatin acid warrant further study for locally promoting osteogenesis.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The need to treat bone defects resulting from degenera-
ive diseases, trauma, and reconstructive surgery continues to
ncrease at a significant rate. More than 500,000 bone graft-
ng procedures are performed annually in the United States
Popovic, 2001). Harvesting autogenous tissues requires an
dditional surgery at the donor site that can result in its own com-
lications, such as inflammation, infection, and chronic pain.
lso, the total amount of bone that can be harvested is lim-

ted and creates a supply problem. Although allograft tissue is
reated by freezing, freeze-drying, gamma irradiation, electron

eam radiation, or ethylene oxide, because it is obtained from
donor, a risk of disease transmission from donor to recipient

xists (Boyce et al., 1999). These problems have led to devel-
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pment of drug delivery devices, synthetic materials, and tissue
ngineered constructs for use as alternatives to autografts and
llografts in bone repair.

Simvastatin is a well-known member of the statin family.
tatins are potent pro-drugs of hydroxy-3-methyl-glutaryl coen-
yme A (HMG-CoA) reductase inhibitors that block conversion
f HMG-CoA to mevalonic acid, which is needed for choles-
erol biosynthesis (Sugiyama et al., 2000). Simvastatin occupies

portion of the binding site for HMG-CoA, thus blocking
ccess of substrate to the active site (Istvan and Deisenhofer,
001). Mevalonic acid is a precursor not only of cholesterol
ut also of isoprenoids, such as geranyl pyrophosphate, which
s important in the control of osteoclast-mediated bone resorp-
ion (Casey and Seabra, 1996). Statins offer additional benefits,
uch as promotion of new blood vessel growth (Kureishi et al.,
000) and anti-inflammatory effects (Davignon and Laaksonen,
999). Most relevant to the present work, Mundy’s group orig-

nally demonstrated that statins induce expression of bone

orphogenetic protein 2 (BMP-2) and that they stimulate bone
ormation on the calvaria of mice following daily subcutaneous
njections (Mundy et al., 1999). Subsequent studies have shown

mailto:puleo@uky.edu
dx.doi.org/10.1016/j.ijpharm.2007.03.007
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hat oral dosing with simvastatin increases cancellous bone vol-
me in rats (Maeda et al., 2001), and it also increases transverse
rea of fracture callus as well as mechanical properties compared
o controls (Skoglund et al., 2002).

For local delivery of simvastatin, typical controlled release
evices that attempt to achieve zero-order kinetics may not be
he most effective. To mimic alternating concentrations resulting
rom daily injection or oral dosing, devices providing intermit-
ent release profiles would be useful. We previously investigated
n association polymer system based on blends of cellulose
cetate phthalate (CAP) and Pluronic F127 (PF-127) for pro-
iding pulsatile release of macromolecules (Raiche and Puleo,
003).

The objectives of this study were to develop devices that inter-
ittently release simvastatin acid and demonstrate that exposure

f osteoblastic cells to alternating concentrations of the drug
nhances bioactivity.

. Materials and methods

.1. Hydrolysis of simvastatin

To decrease hydrophobicity of simvastatin (Aldrich, Milwau-
ee, WI), 42 mg were dissolved in 1 ml of 95% ethanol, and
.5 ml of 0.1 M NaOH was added. The solution was heated at
0 ◦C for 2 h. Then the final solution was neutralized to pH 7.2
ith 0.1 M HCl, and the volume was brought to 10 ml with deion-

zed water (Kaesemeyer et al., 1999). Simvastatin acid (10 mM)
as stored frozen at −20 ◦C.

.2. CAP/PF-127 microspheres

Microspheres containing different weight fractions of CAP
Fluka, Buchs, Switzerland) and PF-127 (Sigma, St. Louis, MO)
ere prepared by a water–acetone–oil–water (W/A/O/W) triple

mulsion process. Two grams of different polymer blends of
AP and PF-127 (7:3, 6:4 and 5:5 by weight of CAP:PF-127)
ere dissolved in acetone. One millilitre of phosphate-buffered

aline (PBS), pH 7.4, with or without 100 �M simvastatin acid
as added to the acetone solution and mixed into rapidly stir-

ing corn oil and sonicated. The CAP/PF-127 suspension and 5%
riton X-100 were added to deionized water and then stirred to
arden the microspheres for 5 min. Following collection, micro-
pheres were washed three times with deionized water, filtered,
nd dried in vacuum up to 7 days.

Release devices were made using a pressure-sintering pro-
ess. Microspheres were first treated by UV radiation in a
aminar flow hood for 30 min. Ten to 15 mg of UV-treated micro-
pheres containing simvastatin acid were placed in the wells of a
elrin mold (diameter, 6.2 mm; depth, 20 mm) and consolidated
y applying 20 MPa pressure for 5 s. Next, blank microspheres
ere added on top of the first layer, and pressure was reap-
lied. By repeating this process, 6-, 8-, and 10-layer devices

ere prepared. To provide directional control of drug release,

he bottom and sides of the devices were coated three times with
0% poly(lactic-co-glycolic acid) (75:25, Mw∼75 kDa; Alker-
es, Cincinnati, OH) solution in methylene chloride.

i
0
a
1
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.3. In vitro release

Samples were immersed in 5 ml of 150 mM PBS, pH 7.4,
nd incubated at 37 ◦C under either static or dynamic (shak-
ng at 80 rpm) conditions using a MaxQ Mini 4450 shaker
Barnstead/Lab-Line, Dubuque, IA). Supernatant was collected
nd replaced daily to maintain a constant volume. To allow
uantification of released simvastatin acid, CAP was precipi-
ated from the 1 ml of supernatant samples by treatment with
.1 ml of 0.1 M hydrochloric acid. Acid-treated supernatants
ere then centrifuged at 1000 rpm for 5 min. Solutions were
laced into 96-well assay plates, along with simvastatin acid
tandards made by serial diluting from a 1 mM stock solution.
he concentration of simvastatin acid was determined fluo-

ometrically using a SpectraMAX Gemini XS (λex = 390 nm,
em = 413 nm).

Profiles were predicted using the approach of Lee (1984),
ho proposed the use of nonuniform initial concentration dis-

ributions as a means to regulate the release of biomolecules
rom drug delivery devices. For erosion-controlled systems, Eq.
1) describes the fractional release from a planar sheet with ini-
ial biomolecule distribution f(x), half-thickness a, and erosion
ate constant B.

M

M∞
=

∫ a

a−Bt
f (x)x dx

∫ a

0 f (x)x dx
(1)

.4. Cell culture

MC3T3-E1 preosteoblastic cells (CRL-2593; ATCC, Man-
sas, VA) were seeded at a density of 15,000/cm2 into
4-well tissue culture plates in �-Minimum Essential Medium
MEM) containing 10% fetal bovine serum (GIBCO/Invitrogen,
arlsbad, CA), 50 �g/ml ascorbic acid (Sigma), 5 mM �-
lycerophosphate (Sigma), and 0–1 �M simvastatin acid. In a
eviation from previous simvastatin treatment studies in the lit-
rature, medium was exchanged every day. In sustained release
ultures, cells were constantly exposed to simvastatin acid at
fixed concentration, i.e., the medium always contained the

ame concentration of drug. In intermittent release cultures, cells
ere exposed to alternating concentrations, i.e., the medium
aried between simvastatin-containing and drug-free medium.
ultiple dilutions of simvastatin acid were selected based on

reliminary cytoxicity studies. Medium in control cultures was
hanged on the same schedule, but it did not contain simvastatin
cid at any time.

.5. Assays

After 3, 7, 10, and 14 days of culture, cells were rinsed twice
ith PBS and then lysed by sonication in a high salt solu-

ion (0.05 M NaH2PO4, 2 M NaCl, and 2 mM EDTA). DNA
tandards were prepared by serial diluting calf thymus DNA

n the high salt solution. Hoechst 33258 (final concentration,
.5 �g/ml; Sigma) was added to DNA standards and samples
nd allowed to react in the dark for 10 min (Labarca and Paigen,
980; Raiche and Puleo, 2003). The amount of DNA in the sam-
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les was determined by measuring fluorescence (λex = 356 nm,
em = 458 nm).

To measure alkaline phosphatase (AP) activity, cell lysate
as incubated with substrate solution prepared by dissolving
0 mM of p-nitrophenyl phosphate (Sigma) in 0.6 M 2-amino-
-methyl-1-propanol buffer, pH 10 (Thompson and Puleo, 1995;
aiche and Puleo, 2004). After 30 min, 0.25N NaOH was added

o each well to immediately stop enzyme activity. Absorbance
t 410 nm was measured with an MR5000 microplate reader
Dynatech Laboratories, Chantilly, VA), and the amount of sub-
trate cleaved was determined using ε = 1.7 × 104 M−1 cm−1.
ctivity was expressed as nmol of substrate cleaved per minute

nd then normalized by DNA content.
For measuring osteocalcin (OCN) secretion, conditioned

edium was assayed using an EIA kit (Biomedical Technolo-
ies, Stoughton, MA) following the manufacturer’s protocol.
oncentrations were determined from a standard curve con-

tructed using mouse OCN.

.6. Statstical analysis

Results (mean and standard deviation) were calculated from
t least six replicate samples. One-way analysis of variance
ANOVA) was conducted using the computer application InStat
Graphpad Software, San Diego, CA). Post-hoc comparisons
ere made using the Tukey-Kramer test when the p-value was

ignificant (p < 0.05).

. Results

.1. Release profiles

To create intermittent release profiles, drug-loaded micro-
pheres were alternately layered with blank (unloaded)
icrospheres. Microspheres were 50–150 �m in diameter and

ad a loading of 68–73 ng simvastatin acid per mg of polymer.

y multilayering blank and loaded microspheres, 6-, 8-, and 10-

ayer devices had approximate totals of 3, 4, and 5 �g simvastatin
cid, respectively. Fig. 1 shows both the designed/predicted and
xperimentally determined release profiles for 10-layer devices.

ig. 1. Comparison between the desired/predicted and the experimental release
rofiles for 10-layer devices (7:3 CAP:PF-127).

t
e
7

F
1
r

he mean of at least six replicates. Error bars, which ranged from 3–11% of the
ean, are not shown to prevent obscuring the curves.

n general, the shape and duration of the experimental profile
ere comparable to those of the desired/predicted release pro-
le. Two differences were noted, however. Whereas the designed
rofile had zero release between the peaks, small amounts of
imvastatin acid were measured. In addition, the peak release
alues were not identical to those predicted in the model. Regard-
ess, the desired intermittent release profiles were obtained.

Fig. 2 shows cumulative release of simvastatin acid for the
hree different blend ratios under dynamic release conditions.
ll three profiles were linear. The polymer with the highest

atio of CAP to PF-127 (7:3) had a slightly, but significantly
p < 0.05), slower release rate. This blend also lasted for a longer
ime, approximately 2 days longer. Behavior of the 5:5 and 6:4
lends was statistically similar. And although differences were
bserved in the rate and duration of release, statistically similar
otal amounts of simvastatin acid were delivered for all blends.

Fig. 3 shows the effect of CAP to PF-127 blend ratio on
ntermittent release of simvastatin acid under dynamic condi-
ions. All three devices showed exactly five discreet peaks, with

ach layer degrading over 2–3 days. As expected from Fig. 2,
:3 blends lasted slightly longer than did 5:5 and 6:4 devices.

ig. 3. Effect of blend ratio on intermittent release of simvastatin acid from
0-layer devices. Data are the mean of at least six replicates. Error bars, which
anged from 5–9% of the mean, are not shown to prevent obscuring the curves.
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ig. 4. Effect of number of layers on intermittent release of simvastatin acid
blend ratio, 7:3). Data are the mean of at least six replicates. Error bars, which
anged from 3–14% of the mean, are not shown to prevent obscuring the curves.

The number of layers can be altered to modulate release
Fig. 4). Six layer devices had exactly three discreet peaks, 8
ayer devices had four peaks, and 10 layer devices had five peaks
nder dynamic release conditions. In these experiments, each
ayer lasted approximately 2 days, independent of the number
f layers.

The release conditions were also found to affect the kinet-
cs of polymer erosion and subsequent release of simvastatin
cid (Fig. 5). Five discreet peaks were seen when samples were
egraded under both static and dynamic conditions. Under static
elease conditions, however, 10-layer devices lasted for more
han 20 days, compared to only 12 days under dynamic condi-
ions.

.2. Cytotoxicity

Degradation products from polymer erosion experiments
i.e., dissolved CAP and PF-127 in the PBS) were diluted
n cell culture medium and added to MC3T3-E1 osteoblastic

ells (Fig. 6). The undiluted release supernatant was considered
00%, and increasing dilutions into the cell culture medium
ere tested. High concentrations of CAP/PF-127 had a cyto-

oxic effect, causing cell death. Even 40% degradation products

c
a
t
t

Fig. 6. Effect of CAP/PF-127 (7:3) degrada
ig. 5. Effect of incubation conditions on intermittent release of simvastatin
cid from 10-layer devices (blend ratio, 7:3).

ad a time-dependent, adverse effect on the cells (p < 0.01).
hile cell responses were similar within the first 2 days of

xposure, cytotoxic effects became apparent by 4 days. At 20%
nd below, however, the cells were unaffected; both the DNA
ontent (reflecting number of cells) and production of alkaline
hosphatase (reflecting bioactivity) were statistically similar to
evels in control cultures.

.3. Cell responses to alternating or constant
oncentration of simvastatin acid

Having determined acceptable levels of degradation prod-
cts, effects of different profiles of exposure to simvastatin acid
ere investigated. DNA content and alkaline phosphatase activ-

ty in MC3T3-E1 cultures exposed to pulsatile/alternating and
ustained/constant delivery of simvastatin acid are shown in
ig. 7. In all groups, except 1 �M constant concentration, the
mount of DNA increased until the 7th day, and the growth rates
ere somewhat diminished afterward. Intermittently exposing
ells to 1 �M simvastatin acid reduced, but did not eliminate, the
dverse effect of this higher concentration. Alternating exposure
o lower concentrations of simvastatin acid increased DNA con-
ents in the earlier stage of culture (p < 0.05). AP was elevated

tion byproducts on osteoblastic cells.
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Fig. 7. DNA content and alkaline phosphatase activity for osteob
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ig. 8. Osteocalcin secretion for osteoblasts exposed to constant and alternating
imvastatin acid.

y intermittent exposure to simvastatin acid. Activity was sig-
ificantly higher for the 100 pM and 10 nM alternating groups
t 10 days compared to the other treatments (p < 0.05).

Results for OCN secretion by MC3T3-E1 cells exposed to
lternating and constant delivery of simvastatin acid and the
ontrols are shown in Fig. 8. In control cultures, OCN lev-
ls remained relatively constant at low concentration (p < 0.05).
t day 1, cells constantly exposed to simvastatin acid showed
igher concentrations of OCN compared to controls and close
o levels in cells exposed to alternating simvastatin acid. At
ays 2 and 4, cells constantly exposed to simvastatin acid
howed decreased concentrations that then remained fairly con-
tant (p < 0.05). For 1 �M constant exposure, levels of secreted
CN were dramatically decreased compared to the 100 pM and
0 nM constant concentrations. All cells intermittently exposed
o simvastatin acid showed increased OCN concentrations in the
arlier stage of culture (p < 0.05), and levels remained high. Con-
entrations were significantly higher for the 10 nM and 1 �M
lternating groups after 2 days in comparison with the other
roups (p < 0.05).
. Discussion

Simvastatin has an HMG-like moiety, which is present as
n inactive lactone. In vivo, this prodrug is enzymatically

w
e
L
t

lasts exposed to constant and alternating simvastatin acid.

ydrolyzed to its active hydroxyacid form (Corsini et al., 1995).
imvastatin also has a rigid, hydrophobic section that is cova-

ently linked to the HMG-like portion. Consequently, the drug
as a very low aqueous solubility, approximately 1.4 �g/ml
Serajuddin et al., 1991). More hydrophilic molecules can give
higher local concentration. Therefore, the approach used for

nhancing simvastatin solubility was hydrolysis to cleave the
actone ring and convert the molecule to its �-hydroxyacid form
Kaesemeyer et al., 1999). The hydroxyacid form of simvastatin
s approximately three orders of magnitude less lipophilic than
he lactone form (Hamelin and Turgeon, 1998).

Cellulose acetate phthalate (CAP) is a cellulose derivative
hat has been used in the pharmaceutical industry for enteric
oating of oral tablets and capsules. While the regulatory status
s clear for oral applications (i.e., in FDA Inactive Ingredients
uide), it remains unknown with respect to parenteral devices.
owever, Heller’s group has previously used CAP in formula-

ions for treating heroin addiction (Tefft et al., 1992; Roskos et
l., 1993).

Pluronic F-127 (PF-127) is a triblock copolymer of polyethy-
ene oxide and polypropylene oxide. The numerous ether sites
ithin PF-127 allow for hydrogen bonding with carboxylic acid
roups in CAP. Blends of CAP and PF-127 form an association
olymer that undergoes surface erosion following deprotonation
t physiological pH and consequently shows zero-order release.

In contrast to the commonly used biodegradable polyesters,
uch as poly(lactide-co-glycolide), which undergo bulk hydrol-
sis, the CAP/PF-127 system degrades by surface erosion, in
hich the material degrades from the outermost surface toward

he inside (Xu and Lee, 1993; Raiche and Puleo, 2003). There-
ore, the overall shape of the release profiles was linear. When
lternating loaded and unloaded layers, flatter regions reflecting
rosion of the blank layers were also observed.

As a non-ionic surfactant, PF-127 is readily soluble in water,
ut CAP is swelled and then relatively slowly dissolved in neutral
olutions. Consequently, blends containing higher ratios of PF-
27 had shorter duration delivery profiles. But the overall effect

as small, in contrast to the work of Lee, in which larger differ-

nces in erosion were observed for the different blends (Xu and
ee, 1993; Gates et al., 1994). This discrepancy may be related

o structural differences resulting from the fabrication methods.
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ee and associates made their devices by simply solvent cast-
ng, whereas in the present work, CAP/PF-127 microspheres
ere made first and then pressure-sintered into multilayered
evices. Another reason for the different degradation rates may
e the exposed surface area. Lee’s samples were exposed on both
op and bottom surfaces, so the degradation rate was relatively
igher compared to the present devices, which were coated to
rotect all but one surface from the aqueous environment. Differ-
nces in the carboxylate content of CAP obtained from different
ources may also have affected material degradation.

Directional control of release was obtained by coating with
more hydrophobic biodegradable polymer. Thus, only one

urface was exposed to PBS, and as mentioned previously, the
egradation rate was consequently reduced. The total duration
f delivery depended directly on the number of layers and the
elease environment. For each additional set of blank and loaded
ayers, another release peak was obtained. Even gentle mechan-
cal agitation enhanced erosion of the polymer. These results
ndicate that, in addition to chemical dissolution effects, phys-
cal erosion also plays a role in degradation of CAP/PF-127.
herefore, even though intermittent release will be obtained,

he duration of delivery will depend on the site of implantation.
onsider, for example, low clearance of erosion byproducts fol-

owing placement in a relatively confined bony defect compared
o an implant more vigorously bathed in body fluids.

Comparison of the present doses to those used clinically is
omplicated by the significantly different uses of simvastatin:
ystemic lowering of cholesterol versus stimulation of local bone
ormation. The clinically recommended therapeutic dose of sim-
astatin ranges from 5 to 80 mg/day. With 60 mg dosage forms,
erum concentrations of simvastatin and simvastatin acid are
8.7 ± 4.7 and 3.5 ± 0.5 ng/ml, respectively. Further, the half-
ife of simvastatin acid is 5.9 ± 0.3 h (Ucar et al., 2004). The
evices described in the present work released simvastatin acid
t a rate of approximately 36.5 ng/h into 5 ml of PBS. To stim-
late bone formation in animals, Mundy et al. (1999) injected
–10 mg/kg/day subcutaneously over the calvaria of mice for 5
ays. Assuming 30 g animals, up to approximately 300 �g of
imvastatin was administered each day. In contrast, the present
evices contained up to only 5 �g of simvastatin acid.

As might be expected with many biodegradable/bioerodible
aterials, high levels of degradation byproducts can be cyto-

oxic. This has been well-documented for polymers and
opolymers of lactic and glycolic acid (Daniels et al., 1992,
994; Bergsma et al., 1993; Suganuma and Alexander, 1993;
grawal et al., 1995; Edwards et al., 2000; Meir et al., 2000).
hen biodegradable materials are implanted, however, the

oncentration of toxic byproducts is reduced via dilution in
xtracellular fluids and blood and by clearance via the circula-
ory and lymphatic systems. In the present work, although high
oncentrations of degradation products were cytotoxic, dilution
f CAP/PF-127 byproducts to less than 40% prevented adverse
ffects. Preliminary results following implantation of CAP/PF-

27 release devices in rats show no evidence of adverse effects
data not shown).

The results of DNA, AP activity, and OCN secretion assays
or preosteoblastic cells exposed to intermittent and sustained

B

f Pharmaceutics 340 (2007) 6–12 11

oncentrations of simvastatin acid at lower concentrations
100 pM–10 nM) indicate an anabolic effect. The continued
nhibition of HMG-CoA reductase activity and therefore of
holesterol synthesis resulting from high, sustained concentra-
ions of simvastatin acid appear to have adversely affected the
ells and prevented growth and activity. After Mundy et al.
1999) reported that simvastatin induced expression of BMP-
in a model reporter system, Maeda et al. (2001) showed that

ontinuous low doses of simvastatin enhanced AP activity and
ineralization and increased BMP-2 production in MC3T3E-1

ells.
In the present work comparing alternating exposure with

onstant treatment, the former stimulated higher osteoblastic
ctivity. This result is similar to that for Mundy’s delivery via
ubcutaneous injection and the resulting local pulsatile simvas-
atin profile that was found to enhance bone formation. Skoglund
nd associates delivered simvastatin by daily oral dosing and
ound that simvastatin-treated mice had a larger transverse area
f fracture callus, and the force required to break the bone was
reater than controls (Skoglund et al., 2002). Many clinical stud-
es have suggested that statins are related to an increase in bone

ineral density and significantly reduced fracture risk (Chan et
l., 2000; Wang et al., 2000).

. Conclusion

Intermittent release of simvastatin acid was achieved using
he association polymer system of CAP and PF-127. The release
rofiles roughly mimic local exposure resulting from repeated
ral dosing or subcutaneous injections. Furthermore, the release
rofiles can be controlled by varying polymer blending ratio,
umber of layers, and release conditions. Cell number, alkaline
hosphatase activity, and osteocalcin secretion were enhanced
n preosteoblastic cell cultures treated with alternating concen-
rations of simvastatin acid. Ongoing studies are directed at
valuating the bioactivity of intermittently released simvastatin
cid in vivo. Overall, CAP/PF-127 devices can be designed to
rovide pulsatile release of simvastatin acid, and such alternat-
ng concentrations stimulate osteoblastic activity. These devices

ay be useful for promoting local bone formation.
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