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Abstract

Controlled release systems can modify the release rate of drugs and direct them to specific sites of action, making them
more effective and/or reducing the adverse effects. The objective of this study was investigated, poly(B-hydroxybutyrate)
(PHB) and poly(e-caprolactone) (PCL) nanospheres to improve the delivery of Simvastatin (SIM). Nanospheres were
prepared by the emulsion/evaporation technique of the solvent, varying the amount of SIM added. The SIM quantification
was performed using a validated high-performance liquid chromatography method. The average diameter and PDI
of formulations without SIM were lower 250 nm and 0.3, respectively. Nanospheres containing 30% of SIM showed
values of 265 nm and 0.09, respectively. The average zeta potential was -31.8 mV, suggesting the predominance
of repulsive forces that prevent aggregation. In vitro release suggest transport occurs by diffusion. Morphological
analysis demonstrated spherical particles and rough surfaces. In conclusion, data suggest that PHB/PCL nanospheres
are promising delivery systems to SIM.

Keywords: drug delivery, nanoparticles, PHB, PHB/PCL blend, simvastatin.

How to cjte: Malaquias, D. P., Dourado, L. F. N., Lana, A.M. Q., Souza, E,, Vilela, J. Andrade, M., Roa, J. P. B., Carvalho-
Junior, A. D., & Leite, E. A. (2022). Development and optimization by factorial design of polymeric nanoparticles for
simvastatin delivery. Polimeros: Ciéncia e Tecnologia, 32(2),€2022016. https://doi.org/10.1590/0104-1428.20220016

1. Introduction

Among the statins, simvastatin (SIM) is a well-known
potent competitive inhibitor of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, which is the rate-
limiting enzyme in cholesterol biosynthesis!!l. Recent
studies have shown that the statins induce osteogenesis and
inhibit osteoclastic activity by bone morphogenetic protein
2 (BMP-2)-mediated action; thus, they present an essential
role in the development of bone and cartilage!*3..

Based on this, SIM would have great potential for fractures
and osteoporosis treatment if it reached selectively target
to bonet*. As a Biopharmaceutical Classification System
Class I drug, SIM shows low aqueous solubility (0.765 pg/
mL in water at 25°C) and high lipophilicity (log P=4.68)!"..
Besides extensive hepatic metabolism, studies reported that
less than 5% of SIM achieve blood circulation™. To attain the
minimum concentration required for the beneficial effects
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on bone, high doses of SIM are needed, which might cause
toxic effects. Thus, the association of SIM with a new drug
delivery system is able to act as a controlled drug delivery
system representing a promising alternative for use of SIM
in the treatment of many diseases.

Polymeric nanocarriers obtained by processing
biodegradable polymers have demonstrated a potential for
improving the bioavailability of lipophilic drugs. Among
the polymers often used in the pharmaceutical field, poly(f3-
hydroxybutyrate) (PHB), a linear polyester produced in nature
by bacterial fermentation of sugar or lipids, has received
special attention due to its biodegradation and biocompatibility
properties!!®!". However, PHB presents high crystallinity
(60 to 90%), which hinders the attack of degrading enzymes;
therefore, its degradation occurs slowly!!>13], Strategies to
alter this property included the development of copolymers
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or the blending with another polymer!". Previous studies
showed that PHB blends with poly(e-caprolactone) (PCL)
were immiscible and incompatible!’”), but PCL reduced the
stiffness and improved the processing capacity of the blend
as well as increased the biodegradability!*-!8,

Therefore, in this study, the aim was the characterization
of nanoparticles of PHB and PCL blends loading SIM in
order to obtain a prolonged delivery system capable of
improving the biopharmaceutical properties of SIM. Firstly,
were prepared nanoparticles unloaded (without drug) and
statistical tools were used to evaluate their parameters, like
diameter, distribution, and surface charge. After, SIM was
added to the nanoparticles (SIM-NP) and the influence of
the drug incorporation on the physicochemical properties
and nanoparticle stability was observed. Lastly, the drug
release behavior from the polymer matrix was studied.

2. Materials and Methods

2.1 Materials

SIM (>99%) was purchased from Fagron (Sdo Paulo,
Brazil). PHB (Mw = 600 kDa) was supplied by PHB Industrial
S.A. (Sdo Paulo, Brazil). PCL (Mw = 80 kDa) was purchased
from Sigma-Aldrich (St. Louis, USA). Chloroform and
ethanol were obtained from Labsynth (Sao Paulo, Brazil).
Water was purified using a Milli-Q apparatus (Millipore,
Billerica, USA). HPLC grade solvents were purchased from
J.T.Baker (Philipsburg, USA). All other chemicals were of
analytical grade and were used as received.

2.2 Experimental factorial design

A 22 full factorial design was used in unloaded nanoparticles
to determine the influence of two factors: PHB/PCL ratios
(A) and the presence or absence of copolymer (B) as well as
interactions between them on the following responses: mean
diameter, polydispersion index, and zeta potential. Thus,
four formulations were prepared in triplicate and named
according to the factors employed: PHB/PCL 20/80 and
presence copolymer, PHB/PCL 20/80 and absence copolymer,
PHB/PCL 80/20 and presence copolymer, and PHB/PCL
80/20 and absence copolymer. Analysis of the effect of each
variable on the designated response and possible interactions
between the factors was performed using the software SAEG
software (Sistema para Analises Estatisticas e Genéticas,
version 8.0: Fundagao Arthur Bernardes, Vigosa, Brazil).

2.3 Nanoparticle preparation

The copolymer poly(3-hydroxybutyrate-co--caprolactone)
(PHB-co-CL, Mw =2kDa) was obtained by transesterification
reaction from PHB and PCL and was kindly supplied by
Professor Dr. Juan Pedro Bretas Roa according to previous
studies!!.

2.3.1 Blend preparation

Firstly, PHB was solubilized in chloroform at 40°C
through constant stirring until complete dissolution of the
polymer. For the PCL solubilization in chloroform, only
magnetic stirring was used. The polymer solutions were
added in different concentrations to obtain PHB/PCL ratios
of 20/80 or 80/20. Then, the preparations were diluted in
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chloroform at a final concentration of 0.1% (w/w) and were
stirred for 2 h and transferred to appropriate glass bottles
to avoid solvent evaporation!'¥,

2.3.2 Unloaded nanoparticle

All formulations were prepared by the oil-in-water (o/w)
emulsion-solvent evaporation method previously described
by Suave et al.l'’!, but with some modifications.

Briefly, 5 mL of PBH/PCL blend (equivalent to 5 mg
of polymer) was added in 45 mL of ethanol in ice bath, and
the resulting solution was slowly emulsified in 50 mL of
water Milli-Q under constant agitation (9500 rpm, 5 min)
with an Ultra Turrax T-25 homogenizer (Ika Labortechnik,
Staufen, Germany). Subsequently, the organic solvent was
removed by evaporation under reduced pressure at 40°C.

2.3.3 SIM-Nanoparticle

SIM loaded nanoparticles were also prepared as described
above using only PHB/PCL blend at ratio 20/80 and named
SIM-NP. Briefly, SIM dissolved in chloroform was added
simultaneously to blend solution, in different concentrations
(10, 15, 20, 25, and 30% of the drug relative to the polymer
mass). Non-entrapped SIM was eliminated by centrifugation
(Heracus™ Multifuge™ X1 Centrifuge Series, Thermo
Fisher Scientific, Bremen, Germany) at 10,000 rpm at
4°C for 10 min.

2.4 Characterization of the nanoparticles

The average diameter of the particles was determined by
unimodal analysis through dynamic light scattering (DLS)
at 25°C and a fixed angle of 90°. Samples without prior
dilution were transferred to a DTS0012 cell and analyzed
in Zetasizer NanoZS90 equipment (Malvern Instruments,
Malvern, England). The data reported were particle diameter,
and polydispersity index (PDI). Data were expressed as the
mean =+ standard deviation (SD) of at least three batches
of each formulation.

The zeta potential was evaluated by the electrophoretic
mobility determination at the angle of 90° at 25°C. Samples
without prior dilution were transferred to a DTS1060C cell
and the measurements were performed in triplicate using
Zetasizer NanoZS90 equipment (Instruments, Malvern,
England). Data were expressed as the mean + SD of at least
three batches of each formulation.

The quantification of SIM was assessed by high-performance
liquid chromatography (HPLC) using previously validated
conditions by our group. The chromatographic apparatus
of the HPLC analysis consisted of a Model 515 pump, a
Model 717 Plus auto-injector, and a Model 2996 variable
wavelength UV detector (Waters Instruments, Milford,
USA) connected to Empower software. Separations were
performed using a 25 cm % 4 mm, 5 um Lichrospher®
100 RP-18 column (Merck Millipore, Darmstadt, Germany).
The mobile phase consisted of methanol-phosphoric
acid 0.1% (90:10 v/v) mixture, filtered and degassed by
suction-filtration through a nylon membrane. The flow
rate was 1.2 mL min’', in isocratic flow, and the injection
volume was 20 pL. The eluate absorbance was monitored
at 238 nm. The standard calibration curve was linear over
a concentration range of 6.0 - 48.0 pg/ml and resulted in
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the linear equation: y = 26680x + 42500, with a correlation
coefficient of 0.9992 under our experimental conditions.
The quantification of SIM in the nanoparticles was determined
before (non-purified SIM-NP) and after (purified SIM-NP)
centrifugation. Briefly, the SIM-NP formulations were
disrupted using acetonitrile in a volume ratio of 1:2 and
later diluted in the mobile phase for HPLC analysis. Data
were expressed as the mean + SD of at least three batches
of each formulation. The encapsulation percentage (EP) was
calculated using the following equation: EP (%) = [purified
SIM-NP]/[non purified SIM-NP]*100.

Differential scanning calorimetry (DSC) analyses
were performed using a DSC 2910 (TA Instruments, New
Castle, USA). For DSC measurements, a scan rate of 10°C/
min was used at a temperature range of 25-380°C, under
nitrogen purge (50 ml/min). For temperature and enthalpy
calibration, we used Indium. The lyophilized samples were
used for DSC study. Lyophilized SIM-NP4 was obtained
using a freeze-drier (Liofilizador LS300, Terroni®, Sao
Paulo, Brazil), after rapid freezing of the formulations into
liquid nitrogen. The samples were lyophilized for 24 h ata
temperature of -45°C. After freeze-drying, the lyophilized
samples were placed directly in aluminum pans and all
measurements were made using sealed aluminum pans,
and an empty pan was used as a reference. Data acquisition
and analysis were performed on a microcomputer using an
Isothermal Software Kit provided by TA Instruments (New
Castle, USA).

2.5 In Vitro drug release

Initially, the nanoparticles were purified. Membrane (cut-off
de 14 kDa, Sigma-Aldrich, EUA) filled with 1 ml of solution,
and transferred for a bequer containing Milli Q water at 80°C
under agitation. After 30 min, the water was removed, and
fresh Milli Q water was introduced once again into the flask
and stirred (four wash cycles were performed). To ensure
the sink conditions (10% of the saturation concentration)
SIM solubility in phosphate-buffered saline (PBS) with
0.1% Tween 80 (w/v) at pH 7.4 was previously determined
(5.33 pg/mL). The dissolution/release kinetic study of SIM
was investigated by the dialysis method. Briefly, aliquots of
1.0 mL of SIM-NP were enclosed in dialysis bags (cellulose
membrane, Mw cut-off of 14,000 kDa, Sigma-Aldrich,
St. Louis, USA), incubated in 30.0 mL of PBS buffer (pH
7.4) containing 0.1% Tween 80® at 37°C and maintained
under mechanical agitation at 100 rpm. At predetermined
time intervals (0, 15, 30, 60, 180, 360, 720, and 1440 min),
dialysis bags were removed (n=3 for each time) and the
SIM concentration was analyzed by HPLC, as described
above. The drug release was calculated by the difference
between the initial concentration added and the concentration
retained in the dialysis bag. The mechanism of SIM release
and dissolution was evaluated by mathematical models.

2.6 Morphological analysis

Atomic Force Microscopy (AFM) was applied to
evaluate the morphology and diameter analysis of unloaded
nanoparticle composed by PHB/PCL blend at ratio
20/80 without copolymer and SIM-NP. A sample droplet
(~10 nuL) was deposited on a freshly cleaved mica surface,
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spread, and dried with argon flow. The measurements were
performed at room temperature, in the air, on a Dimension
3000 and with Multimode Equipment, both monitored
by a NanoScope Illa controller, from Digital Instruments
(Santa Barbara, USA). The images were obtained in tapping
mode using commercial silicon probes from Nanosensors
with cantilevers of 288 pm length, resonance frequencies
of 75-98 kHz, and spring constants of 3-7 N/m. The “scan
rate” used was 1 Hz. Dimensional analyses were carried out
using the “section of analysis” applicative on the system.
A minimum of 10 images from each sample was analyzed
to assure reproducible results. The values represent the mean
+ SD of at least 40 nanoparticles measurements.

2.7 Stability study

The determination of the storage stability of SIM-NP
containing 20% of SIM was performed by storing the
formulation at 4°C. Sampling aliquots were taken at 7, 15,
and 30 days after preparation to evaluate the following
parameters: mean diameter, zeta potential, pH, and drug
entrapment. The mean values of these parameters were
compared with those obtained at time zero.

2.8 Statistical analysis

The normality and homogeneity of the variance analysis
were performed using the Lilliefors” and Bartlett’s tests,
respectively. Unloaded and SIM nanoparticles data were
evaluated by the factorial design and linear or multiple
regression. The difference among averages was tested using
the one-way analysis of variance (ANOVA), followed by
the Tukey’s test and was considered significant when P
values were lower than 0.05. The statistical software used
was SAEG software 8.0.

3. Results

The results of the physicochemical characteristics of
the unloaded nanoparticles are shown in Table 1.

In the absence of copolymer, the mean diameter was
similar regardless of the polymer ratio used. However, after
adding the copolymer, mean diameter values significantly
increased were obtained at the highest concentration of
PHB (PHB/PCL 80:20). Concerning the PDI values, a
significant increase (PDI higher than 0.3) was observed
at highest PHB concentration in the presence or absence

Table 1. Physicochemical characteristics of unloaded nanoparticles.

PHB/ Copolymer
Parameter
PCL Absence Presence
. 20/80 267 +20 Aa 240+ 13 Ba
Diameter + SD (nm)
80/20 252 +23 Ab 46188 + 8632 Aa
20/80 0.20+0.06 Ba 0.15+0.08 Ba
PDI +SD
80/20 0.45+0.23 Ab 1.0 Aa
Zeta Potential = SD 20/80 -32.7+4.1Ba -28.9+0.9 Ba
(mV) 8020  -247+52Aa  -21.9+4.6Aa

Data expressed as the mean + SD. Mean followed by distinct letters, being
small letters on the lines and capital letters in the columns differ within
the Tukey’s test (p < 0.05). Abbreviations: SD, standard deviation; PDI,
polydispersity index.
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of copolymer. All formulations showed negative zeta
potential values, ranging from -22 to -33 mV. The increase
of PHB concentration led to a significant reduction of the
zeta potential in the absence or presence of the copolymer.

The interaction effect can be observed in Figure 1.
The great slope of lines demonstrates the larger influence
of the variable on the system, and the lack of parallelism
of lines suggests the interaction between the factors. Thus,
there was an interaction between the factors for mean
diameter and PDI (Figures 1A, B) values while this effect
was not observed for the zeta potential values (Figure 1C).

Taking into account the physicochemical characterization,
the formulation containing the lowest ratio of PHB and the
absence of copolymer was chosen by subsequent studies to
clarify the role of SIM in these parameters.

Then, the influence of different SIM concentrations
on the physicochemical parameters: mean diameter, PDI,
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Figure 1. Evaluation of the interaction effect between the polymer
proportion and presence (circle) or absence (square) of copolymer
on particle diameter (A), PDI (B), and zeta potential (C) values.
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zeta potential, and EP of the nanoparticles was evaluated.
There was no significant alteration in the mean diameter
after increasing SIM concentration, except at 25% of SIM.
In addition, PDI values less than 0.3 were obtained for all
formulations, characteristic of homogeneous preparations
(Figure 2). Besides, no significant change in zeta potential
values could be observed after increasing SIM concentration.
Values varying from -25 to -38mV were found (data not
shown).

The data of EP are shown in Figure 3. The increase
in SIM concentration up to 20% gradually increases the
EP, and a significant difference could be detected between
formulations containing 20 and 10% of the drug.

On the other hand, after adding 30% of SIM, the EP
significantly decreased compared to 20% of the SIM. Thus,
the highest EP was obtained after adding 20% of SIM. These
data were further evaluated by regression analysis, and the
third-order polynomial model was the best fit obtained
(r=0.95). The maximum point of the parabola obtained at
a concentration of 20.25% shows that the developed model
describes a behavior close to that obtained experimentally.
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Figure 2. Effect of different concentrations of SIM on the mean
diameter (bars) and PDI (blue symbols) of nanoparticles. Asterisk
indicates a significant difference compared to formulations 0, 10,
and 20%. Data were expressed as the mean + SD (n = 3), and the
level of significance was considered for a p-value <0.05.

0.4

Encapsulated simvastatin (mg)
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Figure 3. SIM quantity associated with nanoparticles as function
of the theoretical SIM concentration. Data were expressed as the
mean + SD (n = 3) and are presented as the continuous line. The
dashed line represents the best mathematical model fit.
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Due to the highest EP obtained, the formulation
containing 20% of SIM was evaluated by the AFM technique.
For comparison, unloaded NP was also studied. Both
formulations were prepared with PHB/PCL 20/80 without
copolymer. The images obtained by AFM demonstrated similar
morphology for unloaded NP and SIM-NP, with spherical
particles, nanometric size, and large diameter (Figures 4A, B).
Both formulations showed spheres with an irregular surface;
however, this finding was more pronounced in SIM-NP
(Figure 4C), suggesting the presence of SIM on the surface.

A heterogeneous distribution in diameter and height of
the nanostructures can also be observed. The 40 particles
count in 10 different fields showed a mean diameter of
354 + 96 nm and a height of 80 + 39 nm for unloaded NP,
while for SIM-NP the values were 244 + 80 nm and 22 +
4 nm, respectively. The ratio diameter/height obtained was
4.4 and11.1 for unloaded and SIM-NP, respectively.

] 1.0

Crystallinity affects several properties of the polymer
material, including mechanical, physical, thermodynamic
and optical properties. The rate degradation, the affinity
and location of the drug in the particle, as well as the
mechanism of release, can be influenced by the crystallinity
of the polymer used in its preparation®). In view of this,
DSC analysis was used to investigate the thermal behavior
of the SIM-NP compared to pure components, blend, and
physical mixture.

The DSC curve obtained for SIM (Figure 5A) shows
an endothermic event at 140 °C (T = 136.5 °C), which
corresponds to the melting point of the drug, which shows its
crystalline nature and agrees with previous data described in
the literature!?'?2. For the PHB/PCL blend curve, two peaks
at56°C(T,  =43.6°C)and 171 ° C(T  =161.5°C)

were ascribed to the melting point of the PCL and PHB,
respectively (Figure 5B).
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Figure 4. Representative images of unloaded NP (A) and SIM-NP (B) obtained by AFM in a three-dimensional view. In (C), images of
SIM-NP. Spheres with irregular surfaces suggesting the drug presence were observed.
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Figure 5. DSC curves obtained under a nitrogen atmosphere
and heating ratio of 10 °C/min after analysis of SIM (A), PHB/
PCL 20/80 blend (B), physical mixture of the blend and the drug
(2:1) (C), and SIM-NP prepared with PHB/PCL 20/80 and 20%
of SIM (D).

Similar melting points were observed in other studies that
involves PHB/PCL blends!'”#. At the physical mixture curve,
peaks at 51.5, 127.3, and 166.5° C near values mentioned
before were observed (Fig. 5C). On the other hand, in the
SIM-NP curve, only a sharp endothermic event at 53.8 °C
(T, =42.5°C) characteristic of PCL melting point, could
be verified. It was possible to observe a meaningful change
in the melting event of the SIM, suggesting an interaction
between drug and polymers (Figure 5D). The addition of
simvastatin provided a reduction in the melting temperature
of'the polymers, which according to Suave et al.l'"” suggests
an affinity of the drug for the polymers. Similar results were
described by Kouhi et al.l**!, in PCL nanofibers containing
simvastatin. The results obtained showed that the peak
referring to the drug disappeared in the DSC curves of the
nanofibers containing simvastatin, suggesting that the drug
was molecularly dispersed or present in its amorphous form.

The in vitro release profiles of SIM and SIM-NP are
shown in Figure 6. Initially, SIM-NP showed an initial
burst release of 70%, followed by sustained release of more
10% within 12 h. After the period of the test, remains in the
systems around 20% of the drug inside the nanosystems.
On the other hand, SIM has a low solubility, which can
interfere in their in vitro release. However, after 750 min
approximately 90% of drug could be recovered.

The SIM release kinetics from NP was fitted using
zero-order, first-order, and Higuchi mathematical models.
Regression coefficients are shown in Table 2. Based on these
data, the SIM release from the nanoparticles followed the
Higuchi mathematical model which predicts that the release

6/10

100
- ot 1
[}
&
B 601 F o
c § | =" 5
£ E 80 1 A
= © I
£ 404 £ 40 4
w & ’
] a | I/
= S 20
E 5.4
CD 20 ) 50 WIDD 150
Time (min}
0 T T T T y
0 250 500 750 1000 1250 1500
Time (min)

Figure 6. In vitro release profile of free SIM (circle) and SIM-NP
(square) at 37°C in PBS containing 0.1% Tween 80® pH 7.4. The
insert shows the first 180 minutes of release of SIM. Data were
expressed as the mean + SD (n = 3).

Table 2. Regression coefficients of dissolution/release data of free
SIM and SIM loaded NP composed of PHB/PCL 20/80.

Mathematical

models Free SIM SIM-NP
Zero-order 0.5843 0.3396
First-order 0.4247 0.2819

Higuchi 0.7447 0.5136

occurs by diffusion of the drug through the polymer matrix
and/or matrix erosion.

SIM-NP stability was evaluated for a period of 30 days,
and the data are presented in Figure 7. As can be seen,
there was no significant difference in mean diameter
(Figure 7A). Besides, PDI values were lower than 0.2 in
all timeframes, suggesting that pharmaceutical preparation
did not agglomerate during this period. On the other hand,
the amount of SIM-associated with NP was significantly
reduced (around 55%) on the seventh day after preparing
and keeping on stable after that. The regression analysis of
these data showed a significant correlation (r>=0.99) in the
concentration reduction over time.

The zeta potential values showed a variation of -27 mV
to -19mV (Figure 7B), which also showed r? higher than 0.9.
However, it is noteworthy that the values still were high (near
-20mV) suggesting the predominance of repulsive forces
that prevent aggregation. Concerning the pH, the values
ranging from 5.23 to 5.55, which allows us to suggest that
there is no polymeric degradation (Table 3).

4. Discussion

It is well-described that the success of SIM on bone
health in vivo depends on the local concentration. Finding
an appropriate delivery system capable to reduce the drug
accumulation in the liver and to deliver to the peripheral
tissue has been a great challenge. Polymeric nanoparticles
have been employed for carrying insoluble drugs, such as
SIM, since their easy production process and application

Polimeros, 32(2), e2022016, 2022
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Table 3. Regression analysis of the data of storage stability.

Parameters Regression Model r’
Diameter NS -
Zeta Potential -26.21 (£1.24) + 0.243 (£0.072) days 0.94

pH 5.27 (0.07) + 0.011 (£0.004) days 0.80
SIM retention 99.03 (+0.58) — 10.42 (+0.25) days + 0.68 (+0.025) days® — 0.013 (+0.0005) days’ 0.99

NS: no significant effect.
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Figure 7. Storage stability evaluation through (A) average diameter
(white bars) and retention percentage (blue bars), and (B) pH (white
bars) and zeta potential (blue bars) of SIM-NP. Results expressed
as the mean + SD (n = 3). Asterisk indicates a significant difference
compared to day 0. The level of significance was considered for
a p-value < 0.05.

for several classes of pharmaceutical drugs*. It is known
that the formation of the nanoparticles can be influenced
by numerous factors, such as the ratio of organic/aqueous
phase, solvents, and especially by the polymer used!.

Biocompatible and biodegradable polymers are promising
for the development of controlled-release formulations?6-2%!,
PHB and PCL are some of them, and their degradation
leads to the formation of inert, nontoxic, and biocompatible
degradation products. Despite being biodegradable, the
high crystallinity of PHB provokes a slow degradation, and
the polymer might accumulate in the body. Thus, polymer
blends have been used as a promising strategy to modify
the physicochemical properties and control the drug release
profile®.

In this study, the effects of the composition (polymer ratio
and presence or absence of copolymer) on the physicochemical
properties of nanoparticles aiming to optimize a formulation
for carrying SIM was evaluated. The data were analyzed
using a 2 full factorial design which allowed us to predict
possible interactions between variables. This finding has a
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significant role in the definition of optimal conditions for
formulation development.

The analysis of the influence of polymeric ratio in
nanosphere diameter showed particle diameter was similar
(p> 0.05) in the absence of copolymer regardless of the
polymeric ratio used, as previously described®*3!\. On the
other hand, the increase in PHB concentration led to PDI
values higher than 0.3 suggesting heterogeneous samples
(Table 1). Although studies have shown that the addition
of copolymer may promote higher integration of the phases
and increase the interaction between the polymer blend
components?, in this study, this effect was not observed.

For the highest ratio of PHB even after the addition of
copolymer, great and polydisperse particles were formed.
In study development by Leimann et al.?* similar results
were observed in the preparation of Poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (LPHBV) nanoparticles prepared by
aminiemulsion/solvent evaporation technique. The increase
of the concentration of LPHBV leads to increases in the
average particle diameters and polydispersity indexes.
According to the literature, this effect can be explained
because of increase of the viscosity of the organic phase
when higher polymer concentrations are used. Moreover,
nanoparticles prepared with higher LPHBV concentrations
could coalesced due to the higher viscosity of the organic
phase®. Moreover, a great amount of SIM (25%) also can
influence the nanoparticles sizes. In a recently published
study by our grup®®’), the presence of 25% of SIM in PHB/
PPG films leaded to instability of the PHB/PPG films which,
in a way, corroborates the results of this research.

In this sense, the formulation containing PHB/PC
20/80 without copolymer was selected for incorporating
SIM. Different concentrations of SIM were evaluated, and
the highest EP obtained was 63% when 20% of the drug
in relation to polymer mass was used (Figure 3). The low
encapsulation efficiency can be explained because of the small
superficial area of nanoparticles and the highly insoluble of
SIM. An example of this, in a study published by Terukina et al.
13 PLGA nanospheres showed encapsulation SIM rate
of 14.72 + 0.11%. On the order hand, the encapsulation
efficiencies of PLGA microspheres were 89.82 + 0.78%.

Small and spherical particles with a rough surface were
obtained (Figures 2 and 4). It is known that these parameters
are strongly influenced by the drug characteristic as well as
the technique used in preparing nanoparticles®’3%.. Previous
study has demonstrated that the presence of the roughness
on the particle’s surface can be associated with the high
crystallinity and fast precipitation of PHB, after removing
the solvent from the internal phase of the emulsiont!?.
In addition, AFM analysis showed a heterogeneous distribution
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of diameter and height. A diameter/height ratio of more
than 4 was detected, suggesting that nanoparticles flatten
on contact with surfaces?..

It’s also well-described that the crystallinity may affect
the mechanical, physical, thermodynamic, and optical
properties of the polymeric material®l. According to the
literature, many factors can influence the crystallinity of
polymers, such as blend polymer and the amount of inorganic
component. In study by Ding et al.l*!), the authors observed
that silica and calcium additions were both able to decrease
the crystallinity of the PHB and PCL blend polymer. This
effect was justified by the formation of hydrogen bonding
or network formation between the inorganic components
phase and polymer matrix.

Thus, DSC analyses were performed in order to evaluate
the drug-polymer interactions in the formulation. The addition
of SIM reduced the melting temperature of the polymers,
suggesting an affinity between the drug and the polymers.
The absence of the drug crystallization peak in the SIM-NP
curve can suggest that the drug is molecularly dispersed
or present in its amorphous form!“?. Similar results were
described in PCL nanofibers containing SIM?*!,

The in vitro release study provides essential information
about the physicochemical processes as well as the mechanisms
that influence the release rate of the drug. Thus, depending
on the release data obtained, changes in preparation
conditions, polymer ratio, or drug amount are required to
achieve a release profile with desirable characteristics!*.
Drug release from nanoparticulate systems is dependent
on factors like its adsorption on the surface, its diffusion
through the polymeric structure, besides the degradation of
the polymer!*. Drug absorbed on the surface is released
faster (burst effect), followed by a slower release of the drug
inside the particle. Studies also show slow biodegradation
of PCL, and for encapsulating hydrophobic drugs, diffusion
is the predominant release form!*!.

The percentage of drug release from SIM-NP was higher
in the early hours compared to free drug. The faster release
is probably due to decreased polymer crystallinity caused
by the association of a small portion of the drug with the
matrix. In addition, high release rates have been reported
when fatty acid esters are employed in the preparation of
microspheres in PLA or PHB blends!*!. Another important
parameter is the drug/polymer ratio. The formation of irregular
and porous particles besides phase separation between the
drug and polymer due to a large amount of encapsulated
drugs often results in a faster release!”). The investigation of
the release of an insecticide from PHB/PCL microspheres
showed that the release rate was favored by the addition of
PCL to the blend suggesting the possibility of modulating
the release rate by formulating blend!?\. Therefore, in the
present study, it can be proposed that both the release from
the nanospheres and SIM occur predominantly by diffusion,
but also by erosion of the polymer matrix[®).

Finally, an acceptable shelf-life is a prerequisite for
the successful introduction of this system in therapy. To be
considered stable over the period of storage, nanospheres
cannot undergo physical or chemical degradation*.
In our preliminary storage study, no significant changes
were observed in diameter, PDI, and zeta potential.
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The maintenance of these parameters may be explained
by the electrical repulsion favored by negative zeta values,
which could prevent aggregation, improving the stability
of the formulations. However, SIM-loaded NP showed a
significant reduction (p < 0.05) after 7 days of storage. This
finding is in accordance with the hypothesis of the absorbed
drug on the surface which could be released early.

5. Conclusions

SIM-loaded PHB/PCL nanospheres were successfully
manufactured by emulsion/evaporation technique. The results
obtained indicate that nanoparticle prepared exhibited a
great potential due to high efficiency of encapsulation and
stability. Thus, this novel nanostructured carrier system may
serve as an encapsulation carrier system for SIM application
in bone alterations.
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