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Simvastatin in polymer bioscaffold for bone regeneration.
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SUMMARY

Objective. The study aimed to fabricate and test the biocompatibility of a polylactic-co-
glycolic acid (PLGA) based guided tissue regeneration membrane impregnated with 'simvastatin'
to promote sustained drug delivery near osseous defects and evaluate the regenerative potential
of the membrane histologically.

Materials and methods. We tested the mechanical properties and cytotoxicity of an indig-
enously fabricated PLGA membrane incorporated with simvastatin (1 mg/cm?). An animal study
evaluated the regenerative potential of the membrane. Twenty-four adult Wistar rats, approximately
175 g in weight, were used in this study. The rats were divided randomly into four groups based
on the postoperative healing periods into ten days, 1, 3, and 6 months. Within each time group, six
rats were divided into three subgroups: Subgroup A — sham surgery controls; Subgroup B—PLGA
without Simvastatin; Subgroup C — PLGA with simvastatin tests. The radiographic examination
intervals were ten days, 1 and 3 months, while the histological assessment was around 1, 3, and
6 months.

Results. Simvastatin content was distributed uniformly in all the prepared membranes and
was equivalent to 1 mg/cm?. 100 mg PLGA membrane with simvastatin demonstrated uniform
drug release over time, excellent mechanical properties, and biocompatibility. The rat models in
Subgroup C had better bone tissue formation radiographically and histologically.

Conclusion. The study suggested that ' PLGA with Simvastatin' has the requisite properties to
serve as a third-generation barrier membrane with the potential for local drug delivery.
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INTRODUCTION

Periodontitis is a chronic infection with a con-
comitant immune-inflammatory imbalance resulting
in tooth loss, disability, masticatory dysfunction,
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and low nutritional status (1). Hence, treatment of
periodontal disease is essential and includes both
non-surgical and surgical periodontal therapy (2).
Periodontal regeneration as a part of surgical peri-
odontal treatment is extensively studied. This thera-
peutic concept entails complete replication of the
original architecture and function of the periodontal
attachment (3). Research involving pharmacological
compounds like teriparatide (4), bisphosphonates
(5), and desferrioxamine (6) have demonstrated
the upregulation of the periodontal regenerative
process through the activation of specific and in-
tricate biochemical pathways. Statins are another
group of drugs that show the ability to modulate the
process of bone regeneration. These drugs belong to
the family of HMG-CoA inhibitors, which possess
bone anabolic activity by preventing bone resorption
and enhancing osteopromotion (7). Simvastatin is
antagonistic to pro-inflammatory activity and up-
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regulates the expression of osteoinductive factors
(8), thereby exerting a host modulatory effect. We
can presume that an optimal dose of simvastatin
would have an osteopromotive effect. Hence, the
present study intended to determine the optimal
dosage of simvastatin in a polymer vehicle neces-
sary for increasing bone mineral density and aimed
at fabricating and testing the biocompatibility of a
polylactic-co-glycolic acid (PLGA) based guided
tissue regeneration membrane incorporating simvas-
tatin, which would promote sustained drug delivery
at the endosseous site. The membrane would thus
serve as a local drug delivery vehicle while facilitat-
ing bone regeneration via barrier function.

MATERIALS AND METHODS

Preparation of polymeric film of polylacti-
co-glycolic acid (PLGA) containing simvastatin

The solvent casting method enabled the prepa-
ration of polylactic-co-glycolic acid membranes
(PLGA membrane) [PURASORB® PDLG 5004,
Purac Biochemicals, Netherlands]. We dissolved
pre-weighed quantities of PLGA 50:50 (100 mg,
200 mg, and 300 mg) in a pre-measured volume of
dichloromethane. Simvastatin at a concentration of
1 mg/cm? was added to the solution gradually, and
the mixture was stirred, which was then poured into
a rectangular glass mould (8%2 cm?). The solvent
and polymer were kept on an ice bath (2-8°C) for
48 hours to ensure slow evaporation of the solvent
with the formation of a porous and bubble-free
film, followed by drying under vacuum, at room
temperature for 24 hours. Finally, the biodegradable
films were peeled from the glass mould and cut into
dimensions of 1x1 ¢cm?. F4, F5, and F6 indicated the
PLGA membranes with 100 mg, 200 mg, and 300
mg of the polymer.

Characterization of the membrane

Identification of Simvastatin

Simvastatin estimation utilized the UV-visible
spectrophotometric method (UV-1601PC, Shimadzu
Corporation, Japan) between 400-800 nm wave-
lengths. The wavelength of 243 nm was selected, and
a calibration curve was prepared based on absorb-
ance values of the drug at different concentrations.

Drug content uniformity

The drug content uniformity was quantified by
placing a 1x1 cm? area of the membrane on a slide
in isotonic phosphate buffer at a pH of 7.4. The
solution was filtered, and drug content was then
estimated after proper dilution at 243 nm using a
UV spectrophotometer.
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In vitro drug release

The drug-release was evaluated by placing PLGA
membranes containing simvastatin' in glass vials con-
taining 5 ml phosphate buffer saline (pH 7.4). Samples
of 1 ml were withdrawn at regular intervals of two
hours up to six hours, and 24 hours, 48 hours, 72 hours,
120 hours, 168 hours, 216 hours, 264 hours, 360 hours,
and 720 hours. At each sample withdrawal, an equal
quantity of fresh phosphate buffer saline (pH 7.4) was
added, and then analyzed by spectrophotometry.

Mechanical properties

Tensile strength of the prepared specimens was
measured using a universal testing machine (Instron
Model 3366, United Kingdom). The experiment
was conducted at room temperature using films of
2.0 mm thickness with a gauge length of 10.0 mm
and at a tensile jig crosshead speed of 0.5 mm/min.
A digital readout indicated the maximum load and
tensile strength of the films.

The membrane having 100 mg (F4) of the poly-
mer was found superior to the membranes with 200
mg and 300 mg of the polymer when considering
the drug release potential and mechanical proper-
ties. Hence, the F4 membranes were chosen for the
biocompatibility test and in vivo studies.

Biological properties

Assessment of biocompatibility utilized cell
proliferation assay and the cytotoxicity assay. The
PLGA membranes were placed in sterile culture
plates of 6x3 cm? in dimensions. Two lakh human
skin fibroblasts, developed in the Department of
Radiobiology and Toxicology, were cultured in Dul-
becco's modified eagle medium (DMEM). The cells
were observed for proliferation and adhesion to the
membrane using a light microscope. The cytotoxic-
ity assay depended on the numbers of cells present
and the mitochondrial activity per cell. The cleavage
of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) to purple coloured formazan
derivative by living cells is the basis of the assay.

Animal study

The institutional Animal Care and Use Commit-
tee provided ethical clearance for the pre-clinical, in
vivo study on Wistar albino rat models (18.5.2012;
IAEC/KMC/48/2012). Twenty-four adult Wistar rats
were kept individually in cages at the institutional
‘Animal House’ under monitored conditions. Water
and 'rat food' in pellets were supplied to the animals,
which were kept under observation for any adverse
events throughout the study.

Experimental groups

Animals were divided randomly into four
groups based on the postoperative healing period
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into ten days, one month, three months, and six
months. From each time group, six rats were dis-
tributed into three subgroups: Subgroup A assigned
sham surgery — control; Subgroup B assigned PLGA
without Simvastatin, and Subgroup C assigned
PLGA with Simvastatin — test.

Surgery

The animals were prepared for surgery by shav-
ing and disinfecting the mandibular region. Two
study investigators administered anaesthesia by
injecting ketamine (100 mg/ml intramuscularly).
They placed an incision inferior to the angle of the
mandible extending deep into the bone, unilater-
ally. After atraumatic skin and muscle reflection,
a critical-sized 5x5 mm defect was created using a
slow-speed dental micromotor handpiece and bur,
under constant irrigation with sterile saline. Care
was taken to avoid a 'through-and-through' defect.
The defect was treated considering the subgroup to
which each animal was assigned.

After implantation of the membrane in sub-
groups B and C, the muscles and skin were sutured,
followed by monitoring until recovery from anaes-
thesia.

Radiology

The bone mineral density (BMD) was evalu-
ated at baseline, ten days, one month, and three
months utilizing a Computed tomography (CT)
scanner, Philips 64 slice, with head and abdomen
protocol. The software used was 4.1ebw. The rats
were anaesthetized with ketamine (100 mg/ml) to
keep them sedated during the procedure. The CT
scan parameters used were 80mA, 120 KVp, with
a field of view of 52 mm, slice width of 0.67 mm,
and exposure time of 6 s. The radiographic density
of the 'region of interest' was calculated in Houns-
field units.

Histology

Six rats in each group, i.e., two from each sub-
group, were sacrificed at one month, three months,
and six months for histologic assessment of healing
at the defect site. The specimens were placed in 10%
buffered formalin solution up to 24 hours after col-
lection and then decalcified in formic acid for one
week. After rinsing in tap water, the specimens were
dehydrated with ascending ethyl alcohol concentra-
tions, cleared in xylene, and infiltrated with paraffin.
The inferior 'two millimetres' of the facial surface of
the mandible was evaluated. A microtome (Thermo
Scientific Shandon Finesse ME Microtome) was
used to obtain 7um serial-sections from the centre
of each defect. An investigator, who was blind to
the groups to which each histologic section was
assigned, conducted the histologic evaluation. The
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investigator examined the ‘hematoxylin and eosin’
stained slides for new bone formation, residual
GTR membrane, fibrin clot, soft tissue elements,
and inflammatory reaction using polarized light
microscopy (Microscope: Olympus BX41) at 10X.

Statistical analysis

The Kruskal Wallis test estimated the difference
in the bone mineral density within each group, while
the Mann Whitney U test compared the bone mineral
density between the groups. A p-value of <0.05 was
considered significant.

RESULTS

Drug content uniformity

A standard plot calibration curve prepared to
assess the drug content uniformity showed that the
simvastatin content in 100 mg membrane was 0.96
mg, 0.95 mg in 200 mg of PLGA, and 0.95 mg in
300 mg PLGA. Thus, the simvastatin content was
uniformly distributed in all three samples and was
equivalent to 1 mg/cm?.

In vitro drug release

In the 100 mg PLGA membrane with 1 mg
simvastatin, the drug release was initially slow
(13.76% release in 4 hours). 28% release occurred
in 24 hours, 58.23% in five days, followed by a
sustained release of the drug in minimal amounts. A
similar sustained drug release pattern ensued in the
200 mg PLGA membrane with 11.87% in 4 hours,
27.54% in 24 hours, and 53.21% of the drug release
in 5 days. In 300 mg of PLGA, 9.9% release was
seen in 4 hours, 28.39% in 24 hours, and 47.65%
of drug release in five days. The increased polymer
concentration led to a decrease in drug release rate.
Therefore, there is a slower diffusion of the drug
from films containing a higher polymer concentra-
tion. PLGA 100 mg with Simvastatin (F4) showed
a constant drug release over time (Figure 1).

Mechanical property

The tests to determine the tensile strength of the
membranes showed that membranes F4 (100 mg)
withstood a load of 5.4 N, F5 (200 mg) withstood a
load 0f 9.3 N, and F6 (300 mg) withstood a load of
28.4 N. The tensile strength measurements indicated
an extension of 12.4 mm in F4 before the break, F5
membrane showed an extension of 18.6 mm and F6
membrane demonstrated an extension of 11.5 mm
before the break. Comparison of maximum load to
the load extension ratio, F4 (100 mg) with simvas-
tatin 1 mg/cm?, demonstrated adequate tension at
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the 'maximum load,' suggesting better
tensile strength properties (Table 1).

Biocompatibility tests

In the cell proliferation assay, day
'2' was characterized by fibroblasts'
adhesion to the membrane margins.
The microscopic picture at high mag-
nification on the day '4' demonstrated
proliferation and multiplication of the
fibroblasts, with an evident increase in
the number of fibroblasts compared to
the day ‘2.” The cytotoxicity (MTT)
assay revealed 100% cell viability in
the 'control well," which contained
Dimethyl sulfoxide (DMSO) in the
concentration of 200 microliters. The
'test' well with the cells cultured in
the presence of 'PLGA membrane
with simvastatin' revealed that a con-
centration of 0.1 pg/ml simvastatin
showed cell-viability of 96.7%. As the
concentration increased to 200 pg/ml,
the cell-viability was 90%.

Animal study

The CT scan showed a variation
in defect healing at ten days. Subgroup
A and Subgroup B seemed to show
no 'healing' whereas, in Subgroup C,
there was an increase in radio-density
in the centre of the defect, noticeable
in all the specimens of subgroup C
scanned at ten days (Figure 2).

CT scan analysis

Statistical analysis showed that
there was a significant difference in
bone mineral density in the subgroups
at thirty days as compared to ten days
postoperatively, whereas, at ninety
days, the difference in the density was
not statistically significant (Table 2).
Mann Whitney test to compare dif-
ferences between the three subgroups
established a statistically significant
difference between Subgroups A and
C (Table 3).

Histomorphometric analysis

Histological examination of the
defect site at one month showed more
osteoblastic surfaces with increased
mineralization in Subgroup C. At
three months, Subgroup B demon-
strated more woven bone with inflam-
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matory cells and high vascularization. Subgroup
C showed more mineralization, resting lines, and
more mature bone. There is a difference between the
groups concerning 'bone formation' at six months.
In Subgroup A, a wide area of woven bone was
seen, demonstrating continued bone remodelling.
In Subgroup B, the mineralized bone was distinctly
evident, while in Subgroup C, well-mineralized bone
with distinct staining, outlined with new bone was
observed (Figure 3).

DISCUSSION

Regeneration of the periodontal apparatus
involves a complex series of events that require
the synchronized existence of optimal environ-
mental and molecular factors. Modulating the host
environment, and creating and maintaining space
for the regenerative process, is a prerequisite for
achieving restitutio ad integrum (9). Simvastatin,
a lipid-lowering drug, (10) can additionally down-
regulate the destructive effect of the inflammatory
process (11). Simvastatin facilitates the production
of ‘Bone Morphogenetic Protein 2’ (BMP2) in addi-
tion to ‘vascular endothelial growth factor’ (VEGF),
osteocalcin, and ‘bone sialoprotein’ (BSP) and thus
promotes osteoblast differentiation and bone regen-
eration at the molecular and cellular levels (12).

Polymer membranes, which are non-toxic and
biocompatible materials, have been used in studies

Table 1. Tensile strength assessment

of periodontal regeneration. PLGA polymer, which
can form an optimally porous, biodegradable, in-
nocuous membrane (13), finds its application as a
scaffold for the drug and a barrier for space mainte-
nance and exclusion of epithelial cells from the peri-
odontal defect sites. Thus, the present study utilized
'simvastatin’ in PLGA membranes, demonstrating
osteopromotion capacity. This membrane can serve
as an economic local drug delivery system for host
modulation. 100 mg PLGA membrane was selected
over 200 mg and 300 mg membranes based on its
mechanical, in vitro drug release, and biocompat-
ibility properties. The PLGA membrane showed
maximum load and extension before rupture, dem-
onstrating required tensile strength properties and
moldability. We were able to adapt the membrane
onto the prepared critical-sized defect in vivo. How-
ever, the membrane lacked the stiffness desirable for
space maintenance. Placement of the overlying flap
would probably reduce the tenting effect. Pirhonen
et al. used an innovative technique to overcome this
limitation by treating PLGA with N-methyl pyrro-
lidone (NMP) for Inion (InionGTR™) membrane,
improving its conformability and shape conserva-
tion properties and providing desired porosity for
cell ingrowth (14).

In the present study, the PLGA membrane facili-
tated sustained drug delivery in an optimized manner
as only an ideal dose of the drug can stimulate the
cells to express BMP-2 without bringing about the
inflammatory response (15).

Simvastatin was used at a con-

centration of 1 mg/cm?, considering

Membrane Maximum load, N Tensile extension at break

(standard), mm research by Stein et al., where the
F4 5.46718 (0.73) 12.31254 ( 1.39) optimal concentration of 'simvasta-
F5 9.31016 (0.61) 18.69502 (1.504) tin' associated with beneficial effects
F6 28.94971 (1.786) 11.53360 (0.58) without inflammation was 0.5 mg.

Nevertheless, concentrations of 0.5
Table 2. CT scan-comparison of variation in the Bone Mineral Density in the 3 mg to 2 mg are suggested to promote
subgroups bone formation (16). A 'systematic
review and meta-analysis,' by Gupta

Subgroup Mean change in Bone Mineral Mean change in Bone Mineral

Density (Day 10 to Day 30) Density (Day 10 to Day 90) et al., states that the optimal dosage
Mean (SD)  “P-value Mean (SD)  *P-value of simvastatin for bone regeneration is
Subgroup A 246 (218) 0.05 780 (205) 0.52 between 1 mg/cm? to 3 mg/cm? (17).
Subgroup B 429 (204) 793 (119) The present study used a rat
Subgroup C_572 (138) 882 (161) mandible model for assessing bone

"~ Kruskal Wallis test. regeneration. Rat models prove ad-

Table 3. CT scan-comparison of variation in the Bone Mineral Density between ~vantageous for assessing microbial
the 3 Subgroups and host responses and determining

Subgroup *P-Value the subtleties of soft and hard-tissue
Subgroup A Vs. Subgroup B 0.10 interfaces relevant to periodontal
Subgroup B Vs. Subgroup C 0.26 regeneration and oral inflammatory
Subgroup A Vs. Subgroup C 0.02 conditions (18). A critical size defect

# — Mann Whitney test. of 55 mm dimension was prepared
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in the anteroinferior border of the mandible in the
study. The defect-size was determined based on
evidence regarding critical-size defects in rats (19).

In the present study, CT scans verified the bone
density at various time intervals. Studies suggest
that variations in Hounsfield units can indicate bone
quality alterations (20). The time points selected
for assessing bone density in the present study were
as per Stein et al. (16), who observed osteoblastic
activity at ten days and osteoclastic action by 24
days. Considering that complete bone remodelling
would require nearly three months, bone formation
was re-assessed at ninety days in the present study.
Subgroups A and C showed significantly different
bone-mineral densities (BMD), attributed to the
combined effects of simvastatin and barrier effects
of PLGA (15). Although complete regeneration of
periodontal attachment apparatus with statin use
may be moot, bone regeneration is evident (21).
Studies on subgingival delivery of ‘simvastatin’ and
‘atorvastatin’ in intra-bony defects have shown a gain
in clinical attachment level with the combined use
of both drugs as compared to a placebo. However,
‘atorvastatin’ was found more effective in the treat-
ment of periodontal defects with better regenerative
potential (22). Another study that used simvastatin gel
in osseous defects has shown reduced gingival index,
probing depth, and increased clinical attachment level
with increased bone fill in the intraosseous defect
(23). Notably, in the present study, the difference
between the bone mineral densities at ninety days was
not statistically significant in the subgroups, which
could be due to the polymer base degradation. The
average degradation period of polymer membranes
is usually 4-6 weeks, approximating 28-45 days (24).

Degradation of the polymer base, in turn, would result
in the dissipation of the drug.

The histologic findings correlated with the ra-
diologic observations, with dense bone formation
in subgroup C, followed by subgroups B and A.
Simvastatin has demonstrated remarkable effects
on neovascularization, along with osteogenesis and
bone remodelling, and can modulate inflammation,
immune response, and bacterial clearance (25).

Future research on larger animal models, soft
tissue healing followed by human clinical trials
would enable the use of ‘PLGA with simvastatin’
in periodontal regenerative therapy.

CONCLUSION

The combination of mechanical properties of
the polymer, sustained drug release, and osteopro-
motive properties of simvastatin suggest a potential
for this simvastatin-laden PLGA scaffold (1 mg/cm?)
as a third-generation barrier membrane.
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