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Vitamin D3 (VD) and calcium phosphate play a vital role in bone homeostasis. Factors such as obesity or gastrointestinal
problems can render the use of pure VD and calcium phosphate supplements ineffective. This study investigated the possibility
of using VD-loaded hydroxyapatite nanoparticles for the codelivery of VD and Ca3(PO4)2. Due to the high affinity of
Ca3(PO4)2 for bone tissue, HA is an ideal delivery system to deliver VD to target tissue. Herein, HA nanoparticles were
synthesized and loaded with VD using a vacuum evaporation method. The synthesized HA-VD nanoparticles were
morphologically and chemically characterized by SEM, FTIR, and TGA. The system exhibited a two-stage release pattern,
which includes a first-day burst release (35%) and sustained release for a further ten days. The cytocompatibility and cell
penetrative ability of the nanoparticle system were assessed in vitro using preosteoblast cells: the system is nontoxic and
well-tolerated. Finally, the VD-loaded HA nanoparticles were coated with a gastroresistant polymer, hypromellose phtalate-55
(HP-55) in order to protect the pH-sensitive HA from degradation at lower pHs. A coaxial electrospray technique was
employed to achieve this. In all, the tested HA-VD system is a viable alternative for codelivery of VD, Ca2+, and PO4

3- to their
target tissues.

1. Introduction

Vitamin D is a lipophilic group of vitamins with a steroidal
origin. Though there are five types of vitamin D (vitamins
D1–D5), the most important are cholecalciferol (vitamin D3/
VD) and ergocalciferol (vitamin D2). Vitamin D3—which
exists in dietary supplement formulations—is the major type
over the plant-derived VD2 [1, 2]. For the majority of the pop-
ulation, however, the principal source of vitamin D is synthesis
following exposure of the skin to UVB radiation, converting
7-dehydrocholesterol to the provitamin cholecalciferol [1, 3].

Vitamin D plays a vital role in in vivo homeostasis and
metabolism, as well as heavily affecting bone growth. Obese
individuals have a higher risk towards developing inade-
quate serum VD concentrations due to its accumulation in

the adipose tissue, which serves as a reservoir of VD [4, 5].
Thus, a delivery system of pure VD is not a suitable method
for the correction of VD deficiency, since most of the admin-
istrated VD tends to accumulate naturally inside adipocytes.
In addition, regular administration of such formulations may
cause VD-related toxicity [6, 7]. The solution is a controlled-
release VD delivery system with a high affinity to target sites.
There are several existing targeted delivery systems for VD,
such as micelles, dendrimers, liposomes, lipidic nanoparticles,
and carbon and silicon nanotubes [7–9].

Calcitriol, the metabolite that is the active form of vita-
min D, expresses its biological activities by binding to the
vitamin D receptor (VDR), which is located chiefly in the
nuclei of target cells. VDRs are found in many tissues of
the body including the skin, bone, muscle (both skeletal
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and cardiac), and endocrine, as well as throughout the
immune system [10, 11]. Calcitriol-bound VDRs act as
transcription factors that initiate gene expression to produce
transport proteins such as TRPV6 and calbindin, which are
involved in calcium absorption in the intestine. Due to their
lipophilic nature, VD absorption is blocked when there is
insufficient lipids in the intestine. To improve its bioavailabil-
ity, it is important to enhance its water solubility [12–14].

Most cases of VD deviancies are associated with
deficiencies of calcium and phosphorus due to a lack of
mechanisms to absorb these ions through the gut epithe-
lium. Codelivery of VD with calcium and phosphate can
potentially resolve this problem [15, 16]. Recently, hydroxy-
apatite (HA; Ca10(PO4)6(OH)2) has enjoyed heightened
attention in the biomedical field due to its exceptional fea-
tures in biocompatibility, bioactivity, osteoconductivity,
and osteoinductivity [8, 17, 18]. The use of VD-loaded HA
nanoparticles resolves most of the problems associated with
both vitamin D-, Ca2+, and PO4

3- deficiencies.
In this study, a laboratory-synthesized composite of

hydroxyapatite nanoparticles loaded with vitamin D3 has
been evaluated as a possible delivery system of vitamin D
with a sustained release profile. The synthesis and morphol-
ogy of the HA nanoparticles are confirmed with electron
micrographs. The loading of VD is confirmed by thermal
analysis and FTIR data together with assessment of drug
release kinetics. Finally, toxicological and cell penetration
profiles of HA and HA-VD systems were evaluated in vitro
using a murine preosteoblast cell line.

2. Materials and Methods

2.1. Materials. Calcium sucrate, ammonium dihydrogen
orthophosphate, cholecalciferol, phosphate-buffered saline,
ethanol, and WST-1 (Roche diagnostic) were all purchased
from Sigma-Aldrich Chemicals (St. Louis, MO, USA). Alpha
minimum essential media (α-MEM), fetal bovine serum
(FBS), phosphate buffered saline (PBS), Dulbecco’s phos-
phate buffered saline (DPBS), and penicillin/streptomycin
were purchased from Gibco (Thermo Fisher Scientific,
USA). Live/dead cell viability/cytotoxicity kit was purchased
from Invitrogen (USA).

2.2. Methods

2.2.1. Particle Synthesis

(1) Preparation of HA Nanoparticles. First, a 0.50M calcium
sucrate solution was prepared according to our previously
published method. The required amount of CaO was added
to the sucrose solution followed by stirring for 12h. Calcium
sucrate was then reacted with ammonium dihydrogen
orthophosphate to synthesize HA. The Ca:P mole ratio was
kept at 1.67 : 1. The mixture was stirred for 24 h, and our
previously published method was modified by hydrother-
mally treating the resulting HA precipitate at 150°C for
12 h. Finally, precipitates were centrifuged at 5000 rpm for
15min and washed with 50.0mL of distilled water thrice in
order to remove impurities. The products were dried in a
vacuum oven at 60°C, 600mm Hg for 12 h [19, 20].

(2) Preparation of VD-Loaded HA Nanoparticles. VD was
composited with prepared HA nanoparticles using a
standard vacuum evacuation process. HA (2 g) and VD
(250mg, maintaining an 8 : 1 w/w ratio) were dispersed in
10mL of ethanol for 1 h at 600 rpm followed by ultrasonica-
tion for 15min. The flask containing the resultant HA-VD
suspension was evacuated using a vacuum pump for
10min until a slight fizzing of the suspension was observed,
indicating the removal of entrapped air. After the fizzing
stopped, the suspension was kept uninterrupted for 10min
to reach equilibrium, and the entire vacuum evacuation
cycle was repeated thrice to promote VD’s inclusion with
HA. Following this, the suspension was centrifuged and
rinsed twice using ethanol to remove excess VD. The UV
absorbance of the supernatant of the rinsed HA-VD was
measured at 275-280 nm, and the encapsulation percentage
was calculated based on a standard calibration curve of
VD [21].

(3) Preparation of HP-55 Coated HA-VD Nanoparticles. The
electrospray system consisted of a high voltage power
supply, a coaxial needle (Linari Nanotech; inner and outer
needle diameters of 0.5mm and 0.6mm, respectively), two
syringe pumps, and a collector. The distance between posi-
tive electrode (needle) and the negative electrode (collector)
was 20 cm, and the applied voltage was 12.0 kV (0.02μA).
The core solution of the coaxial system contained aqueous
suspension of 10% (w/v) HA-VD NPs while the shell solu-
tion contained 5% (w/v) methanolic solution of HP-55 poly-
mer (prepared at pH > 10). The two solutions were sprayed
to 0.2M HCl solution with flow rates of 0.05mL/h (core)
and 0.11mL/h (shell). The synthesized particles were col-
lected by centrifuging and washing at 1500 rpm [22, 23].

2.2.2. Characterization of Nanoparticles

(1) Morphological and Thermal Analysis. The morphologies
of nanoparticles synthesized using the methods set out above
were evaluated using field-emission scanning electron
microscopy (SEM) (Hitachi SU6600 setup) and transmission
electron microscopy (TEM) (Jeol 2100). All SEM samples
were subjected to gold sputtering prior to analysis. Energy
dispersive X-ray (EDX) spectroscopy studies were carried
out to confirm the VD impregnation onto the walls of HA-
NPs with a scanning rate of 192 000 CPS for 4.5min.

The thermal stabilities of the synthesized HA-NP and
HA-VD were determined by thermogravimetric analysis
(TGA) (STD Q600 setup) over a temperature range of 25
to 1000°C at a ramp of 20°C/min in a nitrogen medium.

(2) Chemical Characterization. Fourier-transform infrared
(FT-IR) spectroscopic analysis was performed in order to
confirm VD loading onto HA nanoparticles and HP-55
coating. All spectra were obtained over the 4000-500 cm-1

region with 32 scans per measurement at a resolution of
4 cm-1 using a Bruker Vertex 80 Fourier-transform infrared
spectrophotometer (Bruker, USA). The spectrophotometer
was equipped with a L-alanine doped triglycine sulfate
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(DLaTGS) detector and MIRacle single-reflection horizontal
attenuated total reflectance (ATR) accessory (PIKE Technol-
ogies, USA) working at room temperature.

2.2.3. Drug Release Studies. The release profile of VD from the
enteric-coated HA-VD composite was assessed in phosphate-
buffered saline (PBS) (pH = 7:4) containing 0.5% (w/v)
sodium azide (to prevent microbial contamination). 200mg
of HA-VD was added to 5mL of PBS at 30°C under 200 rpm
stirring. At predetermined time points, 0.2mL aliquots of the
sample were removed and diluted with 0.8mL of ethanol
(1 : 5 dilution). The concentration of VD was determined by
absorbance measurements at 275-280nm (Shimadzu UV-
3600 UV−Vis−NIR spectrophotometer) with respect to a
preprepared standard curve [24, 25]. In order to eradicate
the effect of HP-55 for UV-vis absorption, 5% (w/v) HP-55
dissolved in pH10.0 buffer solution was used as the control.
After the desired period, the mixture was sonicated for 2h at
room temperature to establish the loading capacity of VD.
The cumulative drug release was assessed using equation (1)
where Wi is the weight of the VD in the solution and Wt is
the total VD of added nanomaterial.

Cumulative release rate %ð Þ = Wi

Wt
× 100: ð1Þ

(1) Loading Capacity of VD. 200mg of enteric coated HA-VD
material wasmixed with 5mL of pH9 borate buffer solution in
order to remove the coating. After 15min with continuous
stirring, the resultant suspension was centrifuged at
3000 rpm for 10min, and the pellet was dissolved in 5mL of
0.1M HCl solution with continuous stirring for 2hrs. The
released amount of VD was quantified using the previously
described UV-vis spectrophotometric technique with respect
to a preprepared standard curve (buffer as control). The load-
ing capacity was calculated using equation (2).

Loading capacity %ð Þ = Weight of the drug in nanoparticle
Weight of the nanoparticles × 100:

ð2Þ

2.2.4. Cytocompatibility and Cell Penetration Studies

(1) Nanomaterial Preparation and Cell Seeding. The murine
preosteoblast cell line OB6 was cultured in α-MEM medium
containing 15% (v/v) FBS and 1% (v/v) penicillin-
streptomycin. The culture was maintained in a humidified
incubator at 37°C with 5% CO2, and the culture medium
was replaced every 3 days. After 80% confluency was reached,
the cells were subcultured using 0.25% (v/v) trypsin-EDTA
solution. A cell density of 1 × 104 was used to seed each well
of a 24-well plate which contained HA and HA-VD, with a
seed volume of 300μL per well, and incubated for 3h to facil-
itate initial cell adhesion. Following the 3h incubation, 700μL
of the α-MEM was added to the each.

(2) Live Cell Assay. Live cell assay was performed for cell
seeded nanomaterials at day 3, according to the manufactur-
er’s protocol. Briefly, 5μL of 4mM calcine was added to

10mL of 1x DPBS to make the live assay solution. After
removing the α-MEM growth medium from each well, wells
were washed with 1x PBS twice. Then, 300μL of prepared
live assay solution was added to each well containing nanopar-
ticles and incubated at room temperature for 15min. The cells
were observed using cell imaging fluorescence microscopy for
cell distribution and proliferation with nanoparticles.

(3) Cell Viability Assay. The water-soluble tetrazolium salt
(WST-1) assay was used to measure cell viability after nano-
material application. After standard 24h incubation, all
media in the wells were removed, and the wells washed with
PBS. Fresh α-MEM medium was added to each well with
10% (v/v) WST-1 reagent. The well plates were shaken for
2min at 300 rpm for homogeneous mixing of WST-1 with
the α-MEM medium. The plate was then incubated for 6 h
at 37°C and 5% CO2. Following this, 100μL from each well
was transferred to a 96-well plate and absorbance readings
taken using a UV spectrophotometer (SpectraMax190,
Molecular Devices) at a wavelength of 440nm. All experi-
ments were done in triplicate, and mean cell viabilities were
calculated against the negative control (cells only). Blank
wells that contained nanomaterials without cells were also
assessed [26, 27].

(4) Cell Penetration of HA-VD. The cell penetration and
accumulation ability of HA-VD were evaluated using the
same preosteoblast cell line used for cytotoxicity studies. A
cell density of 1 × 104 in 700μL of α-MEM was seeded each
well of a 24-well plate which contained 300μL α-MEM/HA-
VD suspension (10mg of HA-VD). After 24 h incubation,
unused medium was removed with serial washing without
disturbing the cellular portion. The cells were then treated
with 1mL of 1M HCl containing 0.01% (v/v) Triton X-100
and sonicated for 30min at 70°C to destroy all cellular struc-
tures. The calcium ion concentration of supernatant was
determined by ICP-MS with respect to a preprepared stan-
dard curve of Ca2+. The same procedure was repeated for
cells without nanoparticles [28–30].

3. Results and Discussion

3.1. Morphological Properties. The SEM image of HA nano-
particles is provided in Figures 1(a) and 1(b) while TEM
image is given in Figure 1(c). The synthesized HA particles
were observed to be of a rod shape. HA nanoparticles were
observed to possess an average diameter of approximately
20-60 nm and length of approximately 100-250 nm. Thus,
the successful synthesis of HA nanoparticles was confirmed
by SEM and TEM imaging.

HP-55 coated electrospray HA-VD nanoparticles are
shown in Figures 2(a) and 2(b). According to the surface
morphology, the nanoparticles possess a smooth outer sur-
face, and the HA-NPs are well covered with HP-55. The
coating layer was detected by element mapping and EDX
analysis which is provided in Figures 2(c) and 2(d). There-
fore, the required protection from gastric acid can easily
achieved by this coating. Electrospray as a technique has sev-
eral advantages over conventional coating systems such as
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spray, dip, and vacuum coating. It produces well covered uni-
form layer of coating material. Therefore, pharmacokinetic-
related parameters such as dissolution and disintegration are
less affected.

3.2. Thermal Analysis. Thermogravimetric analysis
(Figure 3(c)) was carried out to assess any changes to the
thermal stability of the raw materials when composited
and to estimate the amount of VD loaded into the HA nano-
particle. The initial weight loss at temperatures below 100°C
can be attributed to the elimination of surface-bound water.
The mass loss due to the degradation of VD begins at 235°C
in both the pure- and HA-bound samples [31]. The weight
loss of the HA-VD indicates that up to 9.4% (w/w) of the

final composite consists of VD alone. Moreover, the temper-
ature at the maximum mass loss rate of HA-VD had shifted
from 460 to 490°C compared to pure VD. The thermal deg-
radation rate had also been reduced in the HA-VD compos-
ite in comparison. This signifies the increased thermal
stability of the HA-VD composite, due to the presence of
HA and its high inherent thermal stability.

3.3. Chemical Properties. The FTIR spectra of pure HA (A),
pure VD (B), and HA-VD (C) are given in Figure 3(a). The-
oretically, there are four P=O vibrational modes present for
the phosphate ions of HA, ν1 (980), ν2 (470), ν3 (1050, 1085,
1090), and ν4 (660, 520). Out of these vibrational modes, ν3
is the most prominent peak; this appeared at 1030 cm-1 in
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32.3nm
27.9nm
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SU6600 10.0kV 10.2mm × 70.0k SE 1/25/2019 500 nm

(b)
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Figure 1: (a, b) SEM images of HA nanoparticles. (c) TEM image of HA nanoparticles.
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Figure 2: (a, b) SEM images of HP-55 coated HA nanoparticles. (c, d) Element mapping and respective EDX analysis.
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the experimental spectra in combination with other two
splitting. Additionally, there are two transmittance bands
at 1362 and 1639 cm-1 due to the vibration of CO3

2-. While
pure HA cannot contain any CO3

2-, traces may be observed
due to difficulties in its removal following synthesis. The
carbonate ion has a very strong transmittance, and the cor-
responding peaks are usually observed even at very low con-
centrations. The hydroxyl stretch is observed at 3338 cm-1,
broadened due to the presence of intermolecular hydrogen
bonding. There is an additional weak transmittance band
at 3573 cm-1 characteristic of the vibration of O-H (here
present as Ca(OH)2). All of these peaks relevant to HA are
present in the HA-VD composite [32, 33].

The FTIR spectrum of pure VD (cholecalciferol) displays
all major characteristic theoretical peaks. The strong band at
990 cm-1 is caused by the bending of C=C alkene groups in
the trans configuration, while the medium strength band at
1639 cm-1 is caused by the stretching of trans C=C bonds.
The peak at 1030 cm-1 is due to the stretching of the C-O
bond of primary alcohols. It is a strong peak, but in the
HA-VD spectrum, it overlaps with the P=O vibrational peak
of HA. VD also has a number of C-H alkane bonds, and the
corresponding peaks for the bending vibration of these
bonds appear at 1362 cm-1. The peak at 1432 cm-1 is due to
the bending vibration of methyl C-H bonds, caused by four
such methyl groups in the VD structure. The intensity of
these two peaks (1362 and 1432) has reduced intensity in
the composite spectrum due to the effect of HA overlaps.
The characteristic broad peak at 3338 cm-1 is due to the pres-
ence of intermolecular H-bonded O-H stretching [33–35].
In the HA-VD spectrum, this peak also overlaps with the
prominent hydroxyl peak of HA. Most of VD’s characteristic
IR peaks are observable in the HA-VD spectrum with minor
shifts, indicating successful loading of VD onto HA. How-
ever, all peak intensities of the VD spectrum have been
reduced due to the masking effect of HA, which makes up
proportionally more of the composite than VD does.

The FTIR spectrum of HP-55 coated HA nanoparticle
(Figure 3(b)) reveals that the HA nanoparticles are exten-
sively covered by the polymeric material. All major peaks
of pure HP-55 are also noticeable in HP-55 coated HA with
slight deviation of the wavenumber. In pure HP-55, the
major peaks are at 950, 1052, 1263, 1715, 2933, and
3448 cm-1 while in HP-55 coated HA 950, 1072, 1286,
1720, 2895, and 3475 cm-1, respectively. This may be due
to the presence of HA.

Both SEM images and FTIR data confirm the HP-55
coating of HA-VD nanoparticles. HP-55 is an acid stable
polymer where only dissolve in basic pH range. HA
undergoes acid degradation when the pH is lesser than 5.
Therefore, bare HA nanoparticles are not suitable for oral
administration. However, successful coating of HP-55 indi-
cates the protection of HA from gastric degradation, and
HA nanoparticles release only within the small intestine
where the pH is basic.

3.4. Cytocompatibility and Cell Penetration Studies. The
cytotoxicity study was done using preosteoblast cells, which
are precursors to osteoblasts. Osteoblasts are the major type
of cells responsible for bone and cartilage regeneration.
These cells also have a higher affinity for calcium and phos-
phorus and can absorb and accumulate these ions within the
cytosol. The bare HA nanoparticle and its VD-loaded coun-
terpart exhibit similar cytotoxicity profiles. Figure 4 shows
the live cell assay images of nanomaterials at day 3 compared
to the negative control. The lowest number of live cells was
observed in HA-treated wells, but a significant difference
was not observed between HA-VD and the negative control.
According to the cell viability data (WST-1) after 24 h incu-
bation, bare HA-treated cells showed 79 ± 4% viability while
HA-VD induced 85 ± 5% viability relative to the negative
control (100%). The results indicate that both HA and
HA-VD systems are nontoxic, as well as cytocompatible.
However, bare HA appears slightly more toxic than VD-
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Figure 3: (a) FTIR spectrum of (A) HA, (B) VD, and (C) HA-VD. (b) FTIR spectrum of (A) pure HP-55 and (B) HP-55 coated HA-NP. (c)
TGA of (A) HA, (B) HA-VD, and (C) VD.
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loaded HA. The cytotoxicity of HA mainly depends on size,
shape, and the surface charge of the nanoparticle. Rod-,
needle-, and oblong-shaped nanoparticles show higher tox-
icity profiles than spherical ones [36, 37]. In this study,
reduction of toxicity observed on the incorporation of VD
may be due to the masking of HA’s polar surface groups
by VD or the replacement of some amount of HA by VD
which is nontoxic.

The cell penetration study of HA was performed using
the same cell line in order to identify the ability to enter
HA-NPs through osteoblast cell membrane hence accumula-
tion inside the cytosol. The concentration of Ca2+ in the
supernatant of untreated samples was under the level of
detection (LOD) of 1μg/mL, while treated samples showed
a significantly high concentration (22μg/mL) of Ca2+. The
only possible cause of increasing intracellular Ca was the addi-
tion of HA-NP to the medium; the results suggest a high pen-
etrative ability/uptake of HA-NP through the plasma
membrane of osteoblast cells. In general, intracellular free
Ca2+ concentration is significantly lower than extracellular
concentration (according to published data, around 12,000x
lower). Increase of intracellular free Ca2+ concentration may
cause calcium dependent toxicities, hence reducing cell growth
and differentiation, although the cytotoxicity study showed
HA-NPs’ apparent nontoxicity towards the tested preosteo-
blast cells. It can therefore be further concluded that the high
level of intracellular Ca is mainly due to the HA-NPs acting
as a Ca reservoir and maintaining a balance between free
Ca2+ ion and insoluble Ca [38–40].

3.5. UV-vis Characterization of VD and Drug Release Study.
Since VD is a highly lipophilic molecule, water solubility is
minimal. Therefore, absolute ethanol was used as the solvent
for UV-vis characterization. The UV-vis absorbance pattern
of different concentrations of VD is shown in Figure 5(a). A
uniform pattern of absorption maxima was identified
between 200 and 300nm, and maximum absorbance (λmax)
was positioned within the 275–280nm region. A bathochro-
mic shift was observed proportional to the concentration.
This may be due to the solvatochromism and interchanging
bonds between solute and solvent. Also, there is a high prob-
ability of tiny micelle formation by the interaction of VD
with solvent molecules [41, 42]. Therefore, concentration
determinations were done by measuring absorbance

between 275 and 280 nm rather than using a single λmax
value. The relevant standard curve for VD is shown in
Figure 5(b). Linearity of absorbance of VD was observed
within the 100 ppm–1000 ppm range. All concentration cal-
culations for the release study were done based on this curve.

Figure 6 shows cumulative VD release percentage curves
of the HA-VD nanocomposite at 37 ± 0:5°C as a function of
time. The trend of the graphs also fits with the typical diffu-
sion of the small molecule. At day 1, 35:4 ± 3:2% (w/w)
(3.8mg) of the loaded drug was released, and by day 10,
86:7 ± 5:6% (w/w) (9.2mg) of the drug was released. There
is a burst release of VD during the first two hours, and
approximately, 25% (w/w) of VD is released within the first
30min. This is further evident from the drug release profile,
where the first release phase (up to 2 h) is ascribed to the
rapid release of the surface-grafted VD and the second phase
is attributed to the delayed release (up to 15 days) of the
entrapped drug molecules within the HA nanoparticles.
There is up to 15% (w/w) of unreleased VD even after the
assessed period of release.

According to the release study, the amount of total
encapsulated VD is 10.86mg (100%). Since the amount of
HA-VD used for release study is 100mg, the loading per-
centage of VD is 10.86% (w/w). The loading percentage
given by the release study is close to the loading percentage
given by TG analysis (9.4% w/w). Low loading efficiency is
commonly associated with VD delivery systems such as
polymers, dendrimers, emulsions, and nanotubes. The high-
est loading efficiency observed in literature was encountered
with liposomes and micelles, with efficiencies up to 40 and
55%, respectively [6, 9].

The characteristic initial burst release can be another
major pitfall since a large amount of VD is lost before reach-
ing the target tissue [9]. Compared to other VD delivery
methods, this HA-VD system shows a moderate first phase
of the release profile equal to 25% of loaded VD released
within the first five hours. Thereafter, the sustained release
apparently maintains the serum VD level in a steady state.
Conclusively, the release pattern represents typical VD
requirements, and the transferable VD amount can be
titrated by changing the loading percentages—by simply
changing the VD:HA ratio.

There is a considerable body of extant literature on the
topic of nanoparticle-based VD delivery systems. Among

1000 µm

(a)

1000 µm

(b)

1000 µm

(c)

Figure 4: Live cell assay fluorescence images at day 3; green-live cells: (a) treated with HA; (b) treated with HA-VD; (c) negative control
(cells only).
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them, biopolymeric nanoparticles [43–47], nanoemulsions
[48–50], and colloidal systems [51] are prominent. Chitosan
[47, 48], alginate [44], soy protein [46], polylactic acid [43],
and PLGA [52–54] are the main types of materials
incorporated with VD. VD delivery systems with inorganic
nanoparticles appear not to be as popular. Ignjatović and
colleagues prepared hydroxyapatite (HA) and PLGA-based
nanoparticles for the local delivery of VD to enhance osteo-
genesis and bone tissue differentiation [52]. However, there
is no literature examining oral delivery formulation of VD
with solely HA-based nanoparticles. Hence, this is the first
record of evaluating the applicability of HA nanoparticles
on their own for oral delivery of VD, also supplying Ca2+

and PO4
3- in one formulation to address a host of health

problems in one package.

4. Conclusions

Nanoparticle-based drug delivery systems are a rapidly
growing field, particularly making use of materials having
biodegradable and biocompatible properties—hydroxyapa-
tite is an example of such a candidate. Current vitamin D
delivery systems are associated with various problems such
as high burst release, accumulation inside adipose tissue,
and suboptimal biocompatibility. In this study, HA was
shown to be a good alternative for the oral delivery of VD
due to its high affinity to bone tissue. Further, HA also acts
as a source of Ca3(PO4)2, and the HA-VD composite synthe-
sized herein is thus a type of codelivery system, providing
both VD and Ca3(PO4)2. HA-VD nanomaterials showed
an extended release profile for ten days, and the particles
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Figure 5: (a) UV-vis spectrum of VD at different concentrations in absolute ethanol. (b) Standard curve of VD based on UV-vis
absorbance data.
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Figure 6: (a) Cumulative drug release percentage with respect to total amount of encapsulated drug; n = 3. (b) Expanded version of
cumulative drug release curve covering the first 12 hours.
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were found to be biocompatible. Electrospray was used to
coat HA with the enteric polymer HP-55, generating well-
covered particles resistant to gastric pH. This study suggests
the use of HP-55 coated VD-loaded HA nanoparticles as a
potent alternative for sustained and targeted oral delivery
of VD with Ca2+ and PO4

3-.
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