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A B S T R A C T

Poly(lactic-co-glycolic acid) microspheres loaded with cholecalciferol (CL), more bioactive form of vitamin D
was developed as an injectable controlled drug release system and was evaluated for its feasibility of once a
month delivery. The CL loaded microspheres (CL-MS) were prepared by simple oil in water (O/W) emulsion–-
solvent evaporation technique incorporated with a stabilizer, Tocopherol Succinate (TS). Different formulation
as well as process parameters were investigated namely concentration of emulsifier, concentration of stabilizer
and drug: polymer mass ratios. The prepared CL-MS were evaluated for particle size, drug loading, in-vitro drug
release and in-vivo pharmacokinetics in rats. The optimized formulation was found to have a mean particle size
of 28.62 ± 0.26 μm, Encapsulation Efficiency (EE) of 94.4 ± 5.4% and drug loading of 5.19 ± 0.29% with
CL:TS ratio of 2:1. It was found that the EE drastically decreased (26 ± 5.9%) in the absence of stabilizer (TS)
indicating its role in stabilization of CL during formulation. DSC and XRD studies indicated that CL existed in an
amorphous structure in the polymer matrix. SEM of the CL-MS revealed the spherical morphology and confirmed
the particle size. In-vitro release showed that the CL release from CL-MS followed near zero–order drug release
kinetics over nearly 1 month. In-vivo pharmacokinetic study of CL-MS showed higher t1/2 (239 ± 27.5 h)
compared to oily CL depot (32.7 ± 4.8 h) with sustained release of CL plasma concentration for 1 month. The
labile CL could thus be effectively encapsulated and protected against degradation during microspheres for-
mulation, storage and release in presence of stabilizer. This novel CL loaded PLGA MS is stable and may have
great potential for clinical use.

1. Introduction

Deficiency of Vitamin D (VD) affects almost 50% of the population
worldwide (Holick, 2007). This insufficiency in VD among people can
be attributed to the changed lifestyle and environmental factors that
reduce exposure to sunlight and in turn reduces the Ultra Violet B
(UBV) induced VD production in the skin (Krishnan and Feldman,
2011). VD deficiency and its relationship with most of diseases is be-
coming the main topic of discussion among scientists and doctors off
late. VD is found in different chemical forms such as Cholecalciferol
(CL), ergocalciferol, calcidiol and calcitriol (Ramalho et al., 2015). CL is
an inert form and must be converted to its calcitriol in the liver (Trump
et al., 2010). Bioactive VD is a steroid hormone that has long been
known for its important role in regulating body levels of calcium and
phosphorus, and in mineralization of bone (Glade, 2013). Clinically,

there are promising studies which demonstrate the protective role of
VD against cancer, heart diseases, obesity, autoimmune diseases, in-
fluenza and type-2 diabetes (Luo et al., 2012; Wang et al., 2013; Nair
and Maseeh, 2012). VD also plays an important role in skeletal home-
ostasis by modulating bone metabolism (Ignjatović et al., 2013).The
major challenge with the use of CL in formulations is the labile nature
of the molecule. It is extremely sensitive to external and environmental
factors such as temperature changes and light which in turn may affect
the stability and efficacy of the molecule (Luo et al., 2012). CL rapidly
gets oxidized and inactivated on exposure to atmospheric air and
aqueous conditions (Boardman et al., 2005). Other challenges in the
delivery of CL include its short half-life in the blood stream (Yin et al.,
2010) and its high first pass metabolism (Plum and DeLuca, 2010).

Copolymers of lactic and glycolic acids, poly(lactic-co-glycolic acid)
(PLGA) are one of the extensively researched polymers (Sahoo et al.,
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2005) for the development of controlled release formulations for many
macromolecules such as proteins and peptides, DNA and RNA, as
scaffolds for tissue engineering and medical devices (Liechty et al.,
2010; Mundargi et al., 2008; Blanco and MaJ, 1998). This polymer,
approved by the United States Food and Drug Administration (USFDA)
(Makadia and Siegel, 2011) can be modulated for degradation rate by
varying the copolymer composition (ratio of lactic acid to glycolic
acid). PLGAs are biocompatible and biodegradable polymers which
undergo hydrolysis in aqueous environments such as body fluids to
yield lactic acid and glycolic acid monomers which are biocompatible
and rapidly cleared from the body (Davis et al., 1996). Lupron Depot®,
drug releasing PLGA particles were first of its kind to be approved by
USFDA in 1989 (Ramalho et al., 2015). PLGA microspheres have been
effectively developed for the delivery of anticancer drug, cisplatin with
an aim to increase the efficacy and reduce the adverse effects (Moreno
et al., 2008). PLGA nanoparticles have been successfully developed for
the delivery of Vitamin D for cancer therapy to enhance its short half-
life and its low bioavailability (Ramalho et al., 2015).

Despite the spectra of health benefits demonstrated by CL, it con-
tinues to remain a challenge to formulate CL into a successful and stable
formulation owing to its labile nature. Encapsulating such a labile
molecule within PLGA particles may help protection of the drug against
variety of formulation parameters and on storage. The use of a stabilizer
may be able to increase the stability of CL (Sawicka, 1991). Exenatide, a
peptide molecule has been effectively loaded in PLGA microparticles
with high drug loading and stability for long term delivery to over-come
the limitation of commercially available exenatide (Byetta®) to be in-
jected twice daily (Qi et al., 2013).

The aim of the present investigation was to formulate a stable, zero
order controlled release delivery of cholecalciferol from injectable
biodegradable microspheres of PLGA for once a month delivery. The
cholecalciferol loaded microspheres (CL-MS) were successfully pre-
pared by simple O/W emulsion – solvent evaporation technique. The
different formulation and process parameters were optimized during
the course of the study. Another major goal of this study was to stabilize
the labile molecule against degradation during formulation, release
study as well as storage by optimizing the concentration of stabilizer
used.

2. Materials and methods

2.1. Materials

Cholecalciferol and D-α-Tocopherol Succinate (TS) were purchased
from Sigma Aldrich, USA. PLGA with molecular ratio of D,L-lactide/
glycolide 75/25 (Resomer 752H Mw 13 kDa) was kindly gifted by
Evonik (Mumbai, India). Poly(vinyl alcohol) (PVA) (Mowiol®
4–88 Mol wt 36,000 Da) was purchased from Sigma Aldrich, USA.
Acetonitrile and methanol used were of HPLC grade and were pur-
chased from Merck Ltd., India. All other chemicals used were of che-
mical grade without further purification.

2.2. Preparation of PLGA microspheres

PLGA microspheres loaded with CL were prepared by an oil-in-
water (O/W) emulsion - solvent evaporation technique as described in
literature (Fig. 1) (Freitas et al., 2005; Zidan et al., 2006). Briefly,
specified amount of PLGA and CL were dissolved in 1 mL of di-
chloromethane (DCM) with or without stabilizer (TS). This organic
phase was slowly added to 100 mL of 1% w/v PVA or different con-
centrations of TPGS aqueous solution. The formed emulsion was
homogenized at 7000 rpm using an Ultra-Turrax® (T-25 digital Ultra-
turrax, IKA India Private Ltd., Bangalore, India) for 1 min followed by
stirring at 250 rpm, 25 °C for 4 h for removal of organic solvent. The
solid microspheres were recovered by filtration through a paper filter
(0.45 μm, millipore) and washed 3 times with distilled water to remove

residual PVA and non-encapsulated CL. These filtered microspheres
were frozen at −70 °C for 12 h followed by freeze-drying (Labconco,
USA) under vacuum (1 mbar, −30 °C) for 24 h.

2.3. Effect of different formulation variables on CL-MS

Effects of different formulation variables were studied on the par-
ticle size, drug loading, release study and morphology of CL-MS.
Different drug: stabilizer ratios by weight (1:0, 1:1, 2:1 and 6:1) were
tried out to prevent oxidation of CL during formulation, release and
storage. Effect of 6, 8. 10, 15 and 20% of CL theoretical loading were
tried to check its effect on % Encapsulation Efficiency of CL in micro-
spheres. D-α-Tocopherol polyethylene glycol 1000 succinate (TPGS)
was tried out at different concentrations (0.1% w/v, 0.3% w/v, 0.5%
w/v) instead of PVA as a steric stabilizer to obtain stable emulsion and
was evaluated for particle size and Encapsulation Efficiency of CL.
TPGS has dual role of PEG as well as Vitamin E, hence can act as a
surfactant as well as an antioxidant simultaneously (Zhang et al., 2012).

2.4. Particle size distribution

The particle distribution of CL-MS was determined in triplicate
using a Master-sizer 2000 laser particle analyzer (Malvern Instruments
Ltd., Malvern, UK). The dried microspheres were dispersed in a vial by
bath sonication for 10 s in deionized water to prevent aggregation be-
fore examination. The particle size distribution was characterized by
volume mean diameter d 10%, d 50% and d 90% which are diameters
below which 10%, 50% and 90% of the particles are present. The re-
sults are expressed as mean ± standard deviation. The width of par-
ticle size distribution is measured by parameter Span value which is
calculated by following equation,

=
−span value d(0.9) d(0.1)

d(0.5) (1)

The span value is a dimensionless number which illustrates whether
the spread of the distribution is narrow or wide (Ito et al., 2008).

2.5. Scanning electron microscope (SEM)

The surface morphology and shape of microspheres were examined
using a Scanning Electron Microscope (SEM, JSM-5600LV, JEOL,
Tokyo, Japan). Double sided carbon tape was affixed on aluminium
stub. The sample of CL-MS was sprinkled onto the tape. The aluminium
stubs were coated with platinum plasma beam using JFC-1600. Auto
fine coater was used to make layer of 2 nm thickness above the sprin-
kled powder. These stubs were placed in the vacuum chamber of SEM
and the microspheres were observed using a gaseous secondary electron
detector (working pressure: 0.8 Torr, acceleration voltage: 10–20 kV)
under different magnifications.

2.6. High performance liquid chromatography

The amount of CL for routine analysis was determined using High
Pressure Liquid Chromatography (HPLC) system (Waters, USA) unit
consisting of a pump and a UV–Vis detector. Separation was achieved
using a Inertsil C-18 column (100 × 4.6 mm, 5 μ) at a flow rate of
1.0 mL/min and a mobile phase consisting of acetonitrile: methanol:
water at a ratio of 90: 8: 2 (v/v). The detection wavelength was set at
265 nm and injection volume was kept at 50 μl. The peak areas of CL
were recorded and the concentrations were calculated from a standard
curve. The retention time of CL was found to be 8 mins.

2.7. Encapsulation Efficiency

To determine loading percentage of CL in the microspheres, 5 mg of
freeze dried CL-MS was dissolved in 0.2 mL of acetonitrile. After
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complete dissolution of microparticles, 0.8 mL methanol was added to
precipitate PLGA polymer. This dispersion was centrifuged for 5 min at
9245 ×g using a high speed centrifuge (REMI PR-24, Rotor radius:
8.27 cm, Remi Laboratory Instruments, Mumbai, India) and the super-
natant was injected into HPLC system to determine the concentration of
CL. The Encapsulation Efficiency (EE) was calculated as follows,

= ×Encapsulation Efficiency(%)
Drug found in microspheres

Drug added
100

(2)

All the measurements were conducted in triplicate and the mean
values and standard deviations were reported.

2.8. Differential scanning calorimetry (DSC) analysis

Thermal characterization of CL, PLGA, TS, physical mixture and
freeze dried CL-MS were done using a Differential Scanning Calorimeter
(Perkin Elmer, Pyris-6 DSC, USA) and thermograms were recorded.
Briefly, 4 to 5 mg of samples were weighed in an aluminium pan and
sealed with an aluminium lid. Empty sealed aluminium pan was used as
reference. DSC analysis was performed at 10 °C/min from 25 °C to
250 °C under nitrogen atmosphere (20 mL/min).

2.9. Powder X-ray diffraction (PXRD)

PXRD analysis of CL, PLGA, TS, physical mixture and CL-MS were
performed. The study was carried out using X-ray diffractometer
(Rigaku miniflex, Japan). Radiation was from Ni filtered CuK, with a
wavelength of 1.54 Å having a graphite monochromator. Scanning
range was 0–50° with a scanning rate of 2°/min.

2.10. In-vitro drug release studies

Accurately weighed 10 mg freeze-dried CL-MS were suspended in
1 mL of 0.1 M Phosphate Buffer Saline (pH 7.4) containing 0.2% w/v
Tween 80 and 0.02% w/v sodium azide and was stirred at 50 rpm on a
mechanical water bath shaker (Remi, India) at 37 ± 1 °C. At appro-
priate time intervals, samples were collected and centrifuged at 832 ×g
for 5 min. Aliquot of 1 mL supernatant was taken and replaced with the
equal volume of fresh release medium. The supernatant was further
centrifuged at 9246 ×g for 10 min. The amount of CL in the collected
supernatant was measured by the HPLC method (see Section 2.6). All
the release tests were performed in triplicate.

2.11. Determination of residual solvent content

Residual solvent i.e. dichloromethane (DCM) in the freeze dried

PLGA microspheres was determined by reported headspace gas chro-
matography method (Koushik and Kompella, 2004; Regnier-Delplace
et al., 2013). A 0.5 μm thickness and 50 m long HP-FFAP PEG capillary
column (Agilent Technologies) was used. Detection was carried out
with Flame Ionization Detector (FID) using ultra-high purity nitrogen as
the carrier gas. Gas Chromatography (GC 8610; Chemito Instruments
Pvt. Ltd., Mumbai, India) was used during analysis. Briefly, 100 mg of
freeze dried CL-MS was dissolved in 1 mL dimethyl sulfoxide (DMSO).
Standard solution of DCM in DMSO was prepared at 100 μL/mL con-
centration. Pure DMSO was used as a blank run. The column oven
temperature was equilibrated to 70 °C with detector temperature set at
220 °C. 50 μL sample was injected onto the GC column and the peak
area of DCM was determined. The residual DCM content in CL-MS was
determined by one-point analysis using 100 ppm DCM as standard.

2.12. Determination of residual PVA content

The residual PVA content in the CL-MS formulation was analyzed by
reported spectrophotometric method (Pagar and Vavia, 2014). Briefly,
50 mg freeze dried CL-MS was dispersed in 10 mL distilled water fol-
lowed by sonication for 15 min and filtration. 1 mL of this extracted
solution was added with 3 mL boric acid solution (4% w/v in distilled
water), 1.2 mL of iodine solution (12.7 g of iodine dissolved in 25 g of
potassium iodide in water and made up the volume to 1000 mL with
distilled water) followed by a final dilution up to 20 mL with distilled
water. This mixture was incubated for 15 min at room temperature and
the resulting solution was analyzed by spectrophotometer (Shimadzu
160A UV–Vis spectrophotometer, Shimadzu Corp, Japan) at 690 nm.
The concentration was determined using the linearity equation based
on the linearity of standard PVA solutions obtained at a concentration
range of 5 to 25 μg/mL. The above experiments were performed in
triplicate.

2.13. Stability studies

The optimized formulation was loaded on stability in clean glass
vials, closed with rubber closure and crimped with aluminium seal at
storage conditions of 5 °C ± 3 °C (long term condition) and
25 °C ± 2 °C/60% RH ± 5% RH (accelerated conditions) as per ICH
guideline (Organization WH, 2009). The formulations were tested for
appearance, particle size and drug content at initial, 1, 3, 6 and 12-
month time points (for long term storage).

2.14. In-vivo pharmacokinetics

Pharmacokinetic studies of CL-MS were conducted on Sprague

Fig. 1. Schematic representation of cholecalci-
ferol loaded PLGA microspheres preparation by
single emulsion - solvent evaporation method.
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Dawley rats. Healthy adult rats weighing 180–220 g were used during
the study. The animal house was well ventilated and the animals were
maintained on a 12:12 h light/dark cycle in large spacious cages
throughout the experimental period. The animals were provided with
food and water ad libitum. Animal studies were carried out after ob-
taining the Institutional Animal Ethics Committee Approval (Protocol
approval no ICT/IAEC/2014/P26). Briefly, rats were divided into three
groups each containing 6 animals. Group I was administered 0.2 mL
normal saline by intramuscularly. Group II was administered CL-MS
(dispersed in 0.2 mL 5% w/v Sodium Carboxyl Methyl Cellulose) (Dose:
2 mg/kg) intramuscularly. Group III was administered 0.2 mL CL oily
dispersion in sesame oil as per the marketed product (Dose: 0.54 mg/
kg) intramuscularly. Blood samples (0.5 mL) were withdrawn by retro-
orbital route using heparinized capillary tubes. Samples were collected
at pre-dose (0 time) to form baseline value and then at 0.5, 1, 2, 4, 9,
12, 15, 18, 23, 27, 31 days for group I and II and 0.25, 0.5, 1, 2, 4, 8, 12,
24, 72, 92, 144 h for group III respectively after administration. Blood
samples were centrifuged at 20803 ×g for 10 min at 20 °C. The plasma
was separated and stored at −20 °C until further use. For sample pre-
paration from plasma, protein precipitation method was adopted.
Briefly, a known volume of plasma (200 μL) was extracted with acet-
onitrile (800 μL) and centrifuged at 20803 ×g for 5 min. The organic
supernatant was removed and an aliquot of 100 μL was subjected to
HPLC analysis with waters (USA) HPLC unit on Inertsil C-18 column
(250 × 4.6 mm, 5 μ), at a flow rate of 2.0 mL/min with mobile phase
composition of methanol: water (93:7). Linearity of CL in plasma was
constructed using CL stock solution (10 mg CL in 100 mL acetonitrile).
From primary stock solution, secondary stock solutions of 0.1, 0.2, 0.5,
1, 2 and 5 μg/mL of CL were prepared. 200 μL of drug free plasma was
spiked with these secondary stock solutions and diluted to give con-
centration ranging from 10 ng/mL to 1000 ng/mL. The precipitated
proteins were separated by centrifugation at 20803 ×g for 5 min. The
organic supernatant was subjected to HPLC analysis. The pharmacoki-
netic parameters were calculated by non-compartmental model and the
area under the concentration–time curve (AUC0 − t) was calculated by
trapezoidal rule. The peak concentration (Cmax) and the time to
achieve Cmax (Tmax) were obtained directly from the individual con-
centration – time profiles. Other pharmacokinetic parameters were
acquired using non-compartmental extravascular model by phoenix®
(version 6.3) software.

3. Results and discussions

3.1. Preparation and optimization of CL-MS

The CL-MS were successfully fabricated by emulsion – solvent
evaporation technique which is one the most feasible techniques to
encapsulate lipophilic drugs. The ease of the technique lies in reduced
number of steps, good process reproducibility and scalability (Mitra
et al., 2013). In order to enhance the encapsulation as well as stability
of CL, several formulations as well as process parameters such as drug
loading and stabilizer concentration were carefully modified. It is well
reported that to achieve highest drug loading in the microspheres, the
drug must be less soluble in the outer continuous phase to prevent
leakage (Guo et al., 2015). The inner phase for the emulsion formation
was chosen as DCM since CL, TS and PLGA showed good solubility in it.
TS has been known to be an effective antioxidant for CL (Sawicka,
1991). TS concentration was optimized to check its effect on the sta-
bilization of CL during and after formulation. Different weight ratios of
CL: TS varying from 1:1 to 6:1 were studied for microsphere prepara-
tion. The drug entrapment of all the above combinations was found to
be more than 85% and the batch without TS was found to entrap the
least amount of drug i.e. 26% (Fig. 2). This can be attributed to de-
gradation of CL while formulating since it is highly prone to oxidation
(Boardman et al., 2005). There are numerous publications of CL in
different nanoformulations which have failed to identify this stability

issue (Ramalho et al., 2015a; Ignjatović et al., 2013). In this research
work, stability of CL has been addressed by incorporating an anti-
oxidant stabilizer, TS. The final ratio selected of CL: TS was 2:1 which
proved to stabilize the CL during formulation and release. This for-
mulation showed Encapsulation Efficiency of 94.4 ± 5.4% and drug
loading of 5.19 ± 0.29%. Considering the dual property of TPGS as an
antioxidant as well as a surfactant, TPGS was tried as steric stabilizer in
external water phase instead of PVA at a concentration of 0.1% to 0.5%
w/v. In this batch, TS was not added to evaluate the sole effect of TPGS
on the Encapsulation Efficiency of CL. It was found that the En-
capsulation Efficiency of batches with TPGS concentration of 0.1% w/v
and 0.3% w/v were 39% and 54.8% respectively while batch with 0.5%
w/v of TPGS was found to show encapsulation of more than 85%. TPGS
was found to improve the encapsulation during microspheres prepara-
tion, however it did not help to stabilize CL during in-vitro release study
(data not shown). On comparison of batches with PVA and TPGS as
stabilizers, it was found that the mean particle size of PVA based CL-MS
was 28.62 ± 0.26 μmwith a span value of 1.6 whereas the TPGS based
CL-MS showed a mean particle size of 24.69 ± 1.04 μm with a span
value of 2.4. Owing to the narrow particle size distribution, PVA was
selected further as the steric stabilizer.

3.2. Scanning electron microscope (SEM)

The Scanning Electron Microscopic images of CL-MS are as shown in
Fig. 4. The SEM images show that particles were found to be spherical
in shape and smooth in nature. No aggregation of the microspheres was
observed. The results were in agreement with the measured particle size
of the MS.

3.3. Encapsulation Efficiency

Different parameters that influence the drug loading efficiency were
studied. To study the effect of drug loading, varying amounts (6 mg to
20 mg) of CL was dissolved in organic phase, keeping the volume of
organic phase and polymer weight constant. The weight ratio of CL:TS
was kept constant as 2:1. As seen in Fig. 3, there was a decline in En-
capsulation Efficiency of CL with an increase in concentration of CL in
organic phase. This can be attributed majorly to insufficient amount of
polymer to encapsulate the drug and higher concentration gradient
which results in increase in accelerated drug leakage into the external
aqueous phase during solvent evaporation. Similar results were ob-
served previously (Mao et al., 2007; Yang et al., 2001). Another reason
for decline in drug encapsulation could be the simultaneous increase in
TS along with CL to maintain the ratio of 2:1. Here, TS and CL, both
being lipophilic show tendency to competitively get encapsulated in the
microsphere. Hence, drug concentrations of lowest theoretical loading
i.e. 6 mg with a drug to polymer ratio of 1:16.6 was selected based on
highest drug encapsulation (~94%) for further characterization.

3.4. Differential scanning calorimetry

DSC thermograms of CL, PLGA, TS, physical mixture and CL-MS
(Fig. 5) reveal the state of CL in the PLGA. DSC data reveals that the
encapsulated drug is in amorphous state. The absence of drug en-
dotherm was due to the dilution effect of the polymer network and
entrapment of drug in polymer matrix system. The results obtained
suggested that the microsphere formulation consisted of a drug en-
capsulated polymer matrix.

3.5. Powder X-ray diffraction (PXRD)

The PXRD studies are useful to understand the nature of core ma-
terial i.e. crystalline or amorphous nature in the polymeric matrix.
PXRD patterns (Fig. 6) of CL exhibited characteristic crystalline peaks at
2θ angle of 4.56, 4.8, 13.24, 14.58, 14.86, 17.72, 21.54, 22.64, 26.62
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and 29.6 indicating its highly crystalline nature. In contrast, the char-
acteristic drug peaks were found to be significantly lowered when en-
trapped in microsphere confirming that CL was present in an amor-
phous state or dissolved state in the polymeric matrix. This decrease in
the crystallinity of the drug in formulation confirmed the drug en-
capsulation into the polymeric matrix system of microspheres.

3.6. In-vitro drug release studies

Comparative in-vitro release profile (Fig. 7) of CL-MS with different
ratio of CL to TS ratio was carried out to observe the difference in re-
lease profiles. Different ratios of CL:TS in 1:1, 2:1 and 6:1 showed drug
release of 86.7 ± 4.9%, 78.6 ± 3.43% and 26.4 ± 2.23% respec-
tively over a period of 35 days. 6:1 and 6:0 ratio of CL:TS were unable
to protect the CL during release. From the release profile, it can be
concluded that 1:1 and 2:1 ratio of CL: TS showed desired release
profile with sufficient stability of CL. The release rate was found to be
constant. This could be partially attributed to the hollow geometry of
the microspheres where the length of diffusion pathway of drug from
the microspheres is lesser than the filled spheres. In PLGA systems, the
drug release rates over time is found to decrease since the initial drug
release is seen by the drug at the surface followed by drug release due to
PLGA degradation (Regnier-Delplace et al., 2013). To determine the
best fit release model for this microsphere formulation, data were
analyzed using the coefficient of regression and exponential equation
for general drug release behavior from spheres proposed by Peppas
(Peppas, 1985). Release exponent value of optimized formulation was

found to be n = 0.62 demonstrating non-fickian diffusion kinetics. The
regression coefficient value was found to be r2 = 0.98 showing that
release of CL from CL-MS for 35 days followed a near zero-order ki-
netics.

3.7. Determination of residual solvent content

Organic solvents are routinely applied during synthesis of drug
substances, excipients, or during drug product formulation.
Determination of this solvent in the final formulation is important
mainly because of their toxicity (Grodowska and Parczewski, 2010).
The organic solvent used in the preparation of CL-MS was DCM which
falls under class 2 according to residual solvent classification and the
limit must be below 500 ppm as per pharmacopeia standards (Witschi
and Doelker, 1997). The residual solvent content of the final product
was found to be 12.46 ppm which was far less than the permissible limit
(500 ppm).

3.8. Determination of residual PVA content

Stabilizers are one of the important formulation ingredients that
govern the stability of emulsions. PVA is a water soluble synthetic
polymer widely used as a stabilizer. It has been reported in the past that
high concentration of PVA, when injected subcutaneously in rats causes
anemia and infiltrate various organs and tissues (Rowe et al., 2006). In
our study, we have repeatedly washed the microspheres to remove the
surface attached PVA prior to freeze drying. Standard calibration curve

Fig. 2. Effects of stabilizer (TS) on encapsulation efficiency of
CL-loaded PLGA microspheres at different weight ratio (1:0,
1:1, 2:1 and 6:1) of CL to stabilizer, TS. Data is the mean of
three independent experiments ± SD (n = 3).

Fig. 3. Effect of theoretical CL loading (6, 8, 10, 15 and 20%)
on % Encapsulation Efficiency of CL in microspheres. Data is
the mean of three independent experiments ± SD (n = 3).
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of PVA was constructed in the range of 5 to 25 μg/mL with a regression
coefficient of 0.994. The residual PVA content in the freeze dried CL-MS
was found to be 14 μg per 100 mg of formulation which is negligible
and safe for the parenteral applicability.

3.9. Stability study

The CL-MS formulated with drug-to-polymer ratio of 1:16.6 based
on optimized batch with mean particle size 28.62 ± 0.26 μm, span

value 1.6 and ~94% drug Encapsulation Efficiency was selected for
stability studies. Various parameters like physical appearance, particle
size, polydispersity index and drug content were evaluated during
stability studies. Particle size measurements were carried out of samples
stored at condition of 5 °C ± 3 °C and 25 °C ± 2 °C/60% RH ± 5%
RH at 1, 3, 6 and 12 month showed negligible alteration in particle size
as well as span value as compared to initial measurements. The assay
performed on the stability samples indicated that drug contents were in
the range as compared to the initial samples.

Fig. 4. Scanning Electron Micrograph of CL-
loaded PLGA microspheres prepared in presence
of (A) 0.5% w/v TPGS and (B) 1% w/v PVA in
outer phase during microsphere preparation.

Fig. 5. DSC thermograms of the powder samples of chole-
calciferol, Tocopherol succinate, PLGA polymer, physical
mixture and cholecalciferol loaded PLGA microspheres.
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3.10. Pharmacokinetic evaluation

The plasma concentration of cholecalciferol was monitored by li-
quid chromatography to evaluate its in-vivo pharmacokinetic behavior.
The pharmacokinetic parameters are listed in Table 1. PLGA

microspheres formulation incorporating 6% CL loading with in-
corporating Tocopherol succinate as stabilizer, was selected for in-vivo
release evaluation in rats due to their high Encapsulation Efficiency (as
shown in Fig. 3) and desirable in-vitro release profile, as shown in Fig. 7.
No reactions at the site of injection were observed. CL oily dispersion in

Fig. 6. PXRD analysis pattern of (a) cholecalciferol,
Tocopherol succinate, PLGA polymer and (b) physical mix-
ture of CL, TS and PLGA, and CL loaded PLGA microsphere
formulation.
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sesame oil was dosed (0.54 mg/kg) for comparison based on the com-
position of marketed oily depot formulation. The mean plasma con-
centration versus time profiles of CL after intramuscular administration
of the CL oily dispersion and CL-MS are shown in Fig. 8A and B re-
spectively. Intramuscular administration of the CL oily dispersion,
containing 0.54 mg/mL of CL produced an initial high plasma drug
concentration (Cmax = 575 ± 60 ng/mL) after 24 h. On comparison,
formulations CL-MS containing 2 mg/kg CL per dose produced low
plasma level at 24 h (Tmax) post administration. The plasma con-
centration of CL attained a Cmax of 532 ± 106 ng/mL at 48 h (Tmax)

for PLGA formulation which was significantly lower than the Cmax
obtained with the CL oily dispersion despite the dose of CL in CL-MS
being four times higher than CL oily dispersion. This can be justified
from the fact that drug release from polymeric microspheres are gov-
erned by polymer degradation and diffusion through the matrix
whereas the drug release from the oily dispersion is a function of only
drug dissolution in the intramuscular space. The longer T1/2 for the CL
microsphere formulation (239 ± 27.5 h) as compared to the CL oily
dispersion (32.7 ± 4.8 h) further supports the postulated controlled
release mechanism of CL loaded microspheres. The plasma concentra-
tion of CL from oily dispersion was maintained up to 6 days after ad-
ministration. This may be due to the low solubility of CL from the oily
dispersion and slow release of CL from the accumulated fat tissue. Si-
milarly, in-vivo release of CL from microspheres was detected for
31 days after administration of CL-MS. On dosing the animals with
2 mg/kg dose of CL oily dispersion, death of animals was observed,
whereas no deaths or significant adverse events were observed with CL-
MS. In case of CL oily dispersion, the animal deaths could be due to
sudden exposure of high dose of CL. Hence, the dose of CL in CL oily
dispersion was reduced to 0.54 mg/kg based on the reported literature
(Kumar et al., 2014). In case of CL-MS, microspheres release CL in
controlled manner, thereby preventing the acute toxicity. Therefore,
Tocopherol succinate stabilized cholecalciferol loaded PLGA micro-
spheres showed controlled release for 1 month period.

Fig. 7. Comparative in-vitro cumulative release of CL
loaded PLGA microspheres prepared with different weight
ratios (1:0, 1:1, 2:1 and 6:1) of CL with stabilizer, TS
maintained at 37 °C. Data is the mean of three independent
experiments ± SD (n = 3).

Fig. 8. Mean plasma concentration time profiles of CL
in rats: (A) CL oily dispersion (dose: 0.54 mg/kg) (B)
CL loaded PLGA microspheres (Dose: 2 mg/kg) with
(mean ± SD, n = 6).

Table 1
Pharmacokinetic parameters after intramuscular (IM) administration of CL oily dispersion
(0.54 mg/kg) and CL loaded PLGA microsphere (2 mg/kg) formulations in rats (n = 6)
(Mean ± SD).

Parameters CL oily solution (IM) CL PLGA MS (IM)

Cmax (μg/mL) 0.575 ± 0.061 0.532 ± 0.106
Tmax (h) 24 48
T1/2 (h) 32.7 ± 4.8 239 ± 27.5
MRT (h) 47.2 ± 8.3 344.9 ± 54
AUC [(μg/mL)h] (0–last) 20.1 ± 2.58 119 ± 14.6
AUC [(μg/mL)h] (0–∞) 23.1 ± 2.67 204 ± 23.5
Cl (mL/min/kg) 0.405 ± 0.13 0.162 ± 0.04
Vd (L/kg) 2.08 ± 0.32 8.83 ± 1.24
AUMC [(μg/mL)h2] 798 ± 85.7 34,900 ± 259
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4. Conclusion

The presented cholecalciferol loaded PLGA microspheres can be
expected to offer interesting avenues for once a month delivery by
parenteral route. The influence of various formulation as well as
manufacturing parameters on the Encapsulation Efficiency, particle size
and in-vitro release was assessed. The formulated CL-MS exhibited a
particle size of 28.62 ± 0.26 μm with a high entrapment efficiency as
94.4 ± 5.4%. The controlled release of CL from CL-MS was confirmed
from in-vivo pharmacokinetic studies. This system is shown to effec-
tively protect the highly susceptible molecule during processing and
delivery by its encapsulation in the biocompatible and biodegradable
polymer with help of stabilizer and control its delivery for more than
30 days.
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