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ABSTRACT

Osteoporosis is a bone disease caused due to the reducing bone mineral density. Porous and
more fragile bones increase the risk of fractures. Hip, spine, shoulder, and wrist bones are
commonly affected by osteoporosis. Low bone density is a leading cause of osteoporosis. The
most efficient prescribed drugs for the treatment of osteoporosis are bisphosphonates
drugs. Alendronate was the first FDA approved bisphosphonate drug for the treatment of
osteoporosis. Osteoclast cells are the primary targeting site for alendronate, responsible for
bone resorption. A biopharmaceutical classification system class III bisphosphonate acts as
a potent, efficient, and bone resorption inhibitor drug. In the present study, alendronate
functionalized PLGA based nanoparticles were developed by a solvent diffusion method and
optimized for different process variables. The formulated nanoparticles were characterized
for surface morphology, particle size distribution, surface charge and drug-polymer
compatibility. The scanning electron microscopy and transmission electron microscopy
results showed nanoparticle size in the range below 200 nm. The average particle size and
zeta potential of the formulated nanoparticles were found to be 175.3 nm and -13.98 mV,
respectively. The highest encapsulation efficiency was 65.23%. The release profile was
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dissolution medium dependent and followed by the Higuchi model of release kinetics.

Bone mineral density
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1. Introduction

Decreasing bone mineral density (BMD) is the leading cause
of osteoporosis. Spinal and hip fractures are the most
dangerous consequences of osteoporosis. Generally, it is seen in
old age, but women face this problem after menopause called
postmenopausal osteoporosis (PMO) [1,2]. The most efficient,
FDA (The Food and Drug Administration, USA) approved drugs
for treating osteoporosis are bisphosphonates. Bisphosphonate
efficacy has been well established in large clinical trials. FDA
firstly approved alendronate in the US in 1995. Alendronate
targets osteoclast cells and inhibits bone resorption, so it is
recommended as a potent drug for the treatment of osteo-
porosis in medical trials. Since then, newer molecules of
bisphosphonates have been introduced to improve previous
compliance, ie, ibandronate, risedronate, pamidronate, etc.
[3,4]. Alendronate is highly efficient but presents low
absorption after oral administration; burst release occurs due
to high water solubility (Figure 1). Low systemic bioavailability
and burst release of the drug inside the body are the main
challenges in alendronate drug delivery systems. Drug
nanocarriers help reduce toxicity, improve solubility and
bioavailability, enhance release, and provide better drug
formulation opportunities [5-7].
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Figure 1. Chemical structure of alendronate sodium.

Low bioavailability, long-term treatment, and adverse
effects on body organs are significant problems in the clinical
development of several drugs, so research is currently going on
to solve these problems. Recently, nanocarrier-based drug
delivery systems like polymeric nanoparticles (NPs), solid lipid
NPs (SLNs), nanoemulsions, liposomes, nanosuspension and
micelles have been presenting novel drug delivery systems for
improving the drug solubility and enhancing the oral
bioavailability of drugs. Today, polymeric nanoparticles have
been proven to be efficient drug nanocarriers [8-11]. Polymeric
nanoparticles have long played an important role in drug
delivery due to their biocompatibility and ability to encapsulate
drug molecules that are otherwise too hydrophobic for effective
pharmacological formulation. These drug-loaded polymeric
matrix particles are usually on the order of 10-1000 nm, and
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since they are biodegradable, the drug release rate can be tuned
through the polymer composition [12-14].

Synthetic biodegradable polymers such as polylactide
(PLA) and copolymer poly(lactide-co-glycolide) (PLGA) have
been extensively used for the synthesis of nanoparticles
because of their biocompatibility, nontoxicity, and tunable
degradation rates. It is possible to achieve different drug
release profiles by modifying the molecular weight, the
copolymer ratio, the particle size, and the process variables. The
FDA has approved it for several biomedical applications due to
the specific properties of PLGA, such as swelling, the potential
for molecular interaction, and the controllable degradation
period (approximately 1-6 months), which makes it suitable for
the design of controlled delivery systems [15,16].

In the present study, alendronate loaded PLGA NPs were
developed to maintain sustained drug release and reduce burst
release from drug NPs. The nanoparticles were prepared by the
modified nanoprecipitation method and characterized with the
help of dynamic light scattering (DLS), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM) and atomic force microscopy (AFM). The results
revealed that the nanoprecipitation method is suitable for
preparing nanoparticle formulation. The drug entrapment
efficiency of the particles varied depending on the drug-
polymer ratio. The study of drug release kinetics of formulated
drug-loaded NPs was performed using different mathematical
models [17-19].

2. Experimental
2.1. Materials

Alendronate-sodium (Mw: 249.09 g/mol) was purchased
from Sigma-Aldrich (Mumbai, India). Poly(lactide-co-
glycolide), PLGA (50:50), polyvinyl alcohol (PVA), and acetone
were purchased from Sigma Aldrich (India). Dialysis membrane
of the diameter of 16 mm (M.w. cut-off: 12000 Da and flat with
25 mm) was purchased from Himedia (India). All other
chemicals and reagents were of analytical grade.

2.2. Formulation of alendronate loaded PLGA NPs

Alendronate-loaded PLGA NPs were prepared using the
solvent diffusion method (nanoprecipitation) [20-22]. Different
amounts (10, 20, and 40 mg) of polymer (PLGA) were dissolved
in 10 mL of organic solvent (acetone) and stirred well up to
complete dissolution to form the organic phase. The aqueous
phase contained a surfactant (PVA) with water. Both phases
were sonicated for 40 seconds under a bath sonicator. The
organic phase was added dropwise to the aqueous phase,
containing 0.5% (w/v) PVA and 10 mg of alendronate drug.
Different drug to polymer ratios (1:1, 1:2, and 1:4) were taken
for optimization. The suspension obtained was stirred on a
magnetic stirrer for 3-4 hours. An excess amount of organic
solvent was evaporated by rotavapor. The formulated
polymeric NPs were evaluated for average particle size,
polydispersity index (PDI), and zeta potential (surface charge)
by using the DLS instrument. The dialysis membrane method
was used for release kinetic studies [23,24].

The obtained nanosuspension was centrifuged at 14000
rpm for 30 min by an ultracentrifuge and entrapment efficiency
was determined by UV-Visible detection of supernatant.
Nanoparticle pellets were washed with distilled water twice
and the remaining suspended NPs were lyophilized by
instrument (LAMBCONCO, GNCIIM) for future solid-state
characterization such as Fourier transform infrared spectros-
copy (FTIR) and differential scanning calorimetry (DSC) [25-
27].

2.3. Entrapment efficiency of alendronate loaded PLGA NPs

The entrapment efficiency (EE) of alendronate loaded PLGA
NPs was determined by the indirect method. Alendronate does
not show absorbance in the ultraviolet (UV) region, so complex
formation is required for the spectrophotometric study. The
amount of unentrapped drug in the supernatant was
determined using the method developed by Ostovic et al. and
used by Cohen-Sela et al. [28,29]. EE% was determined at 240
nm wavelength following the addition of copper(Il) reagent (5
mM copper sulfate in 1.5x10-3 M HNOs) by complexation
between alendronate and copper ions. The amount of encap-
sulated drug was obtained using a UV-Vis spectrophotometer
after proper dilution. The experiment was carried out in
triplicate and the average value was considered for the final
calculation. The following formula was used to calculate the
entrapment efficiency (% EE);

Entrapment efficiency (%) = (Weight of drug in
nanoparticles) /(Weight of drug added initially)x100 (1)

where drug in particles = Total amount of drug initially added -
Amount of drug in the supernatant.

2.4. Characterization
2.4.1. Particle size and surface charge determination

Photon correlation spectroscopy (PCS) based studies were
performed for evaluation of poly dispersity index (PDI),
average particle size, and zeta Potential (ZP) of formulated
alendronate-loaded PLGA NPs through dynamic light scattering
analysis with Malvern Zeta sizer Nano S (Malvern, UK).

2.4.2. Morphological study

Scanning electron microscope (SEM) technique was used to
study the surface morphology of the best formulation. A single
drop of sample was poured into a circular aluminium plate and
dried in a vacuum oven until a dry film was created, then it was
observed under the SEM instrument (NOVA NANO FESEM 450).
Transmission electron microscope (TEM) is another technique
used for the confirmation of the surface morphology of formu-
lated NPs. A small amount of NPs suspension was dispersed into
distilled water. A single drop of nanosuspension was placed on
a paraffin sheet, and a carbon-coated grid was placed on the
sample and left for some time to allow the alendronate PLGA-
NPs to stick on the carbon substrate. The extra suspension was
removed by adsorbing with a piece of filter paper. Then the grid
was placed on a drop of phosphotungstate for 10 seconds and
the sample was air dried. The prepared sample was examined
by TEM instrument (TECNA) and AFM (INNOVA, ICON Analy-
tical Equipment, Bruker).

2.4.3. Fourier transform infrared (FTIR) studies

The interaction between drug and polymer was identified
from the Fourier-transform infrared spectroscopy (FTIR)
(Bruker Tensor37). The FTIR spectrum of pure drug alendro-
nate and alendronate-loaded PLGA NPs were obtained. The
samples were prepared by grinding with anhydrous KBr
powder and compressed into pellets. The FTIR spectra of drug
and drug-loaded NPs were measured over the range of 4000-
400 cm.

2.4.4. Drug-excipient compatibility studies by differential
scanning calorimeter

Thermal analysis of any endothermic processes (Melting,
solid-solid phase transitions and chemical degradation) and
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exothermic processes (Crystallization and oxidative decompo-
sition) is done by a common technique differential scanning
calorimeter (DSC). Generally, it is used in preformulation
studies of any drug; it confirms the existence of probable drug-
excipient or excipient-excipient interactions in any new
formulation. Thermograms of pure drug (Alendronate) and
alendronate loaded PLGA NPs were obtained by using DSC
instrument (NETZSCH, STA 449 F1 Jupiter). The samples were
taken directly into a DSC aluminium pan and scanned in the
temperature range of 25-300 ° C in a dry nitrogen atmosphere.
A heating rate of 10 °C/min was used, and thermograms were
obtained and confirmed the interaction between the drug and
the excipient.

2.5. Drug release kinetic studies

The dialysis bag approach was used to investigate the drug
release kinetics of formulated NPs. In phosphate buffer saline
(PBS) pH = 6.8, temperature at 37+2 °C, a membrane with a
pore size of 2.4 nm and a molecular weight cut-off between
12,000 and 14,000 was utilized. The drug-loaded NPs were
inserted into a dialysis membrane, knotted at both ends, and
placed in a 100 mL diffusion medium beaker (PBS of pH = 6.8).
The magnetic stirrer was used to keep the temperature and
speed at 37+2 °C and 100 rpm, respectively. To maintain the
sink condition, the aliquot samples were taken at predefined
intervals and replaced with fresh buffer in the same volume. For
alendronate, the amount of medication released was measured
spectrophotometrically at 240 nm (complex formation
method). The amount of drug released was used to compute the
cumulative percentage release. Some mathematical kinetic
models (Zero order, first order, Higuch’s model and Korsmeyer-
Peppas model) were used to determine release kinetics. The
linear curve generated by regression analysis of the plots was
used to calculate the R? and k values [30-33]. In-vitro drug
release studies were performed using the dialysis bag method
for different mathematical kinetic models. For the kinetic study
of formulated drug NPs, the plots were made in the following
way: (i) Zero-order kinetic model (% Cumulative drug release
vs time), (ii) First-order kinetic model (Log % Cumulative drug
remaining vs time), (iii) Higuchi model cumulative (% Drug
release vs square root of time) and (iv) Korsmeyer-Peppas
model (Log % Cumulative drug release vs Log time).

3. Results and discussion
3.1. Experimental design

Alendronate-loaded PLGA NPs were generated in this
investigation utilizing the nanoprecipitation process, as
illustrated in Figure 2, which involved the use of a polymer
(PLGA) and a surfactant (PVA). To create the optimum
formulation, different drug-to-polymer ratios were used, such
as 1:1, 1:2, and 1:4. The best result of the 1:4 ratios of
medication and polymer was disclosed by the findings of
particle size analysis and potential investigation. The
entrapment efficiency has changed significantly as the
concentration of PVA has changed.

(Drug and polymer)
e

P
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Formation of nanoparticles

Figure 2. Diagrammatic presentation of the nanoprecipitation method.

3.2. Optimization

Using the solvent diffusion approach, a variety of process
factors were evaluated to determine appropriate preparation
conditions, including sonication time, polymer concentration,
and surfactant concentration, among others. In each experi-
ment, only one variable was changed.

3.2.1. Sonication time effect

The sonication period was changed between 10 and 40
minutes to improve the influence of the sonication time on the
size and shape of the nanoparticles (Figure 3). According to the
TEM picture of the nanoparticles with the smallest size in this
series of formulations, the nanoparticles were spherical in
shape. On the basis of the findings, it can be concluded that
increasing the duration of sonication causes the size of the
nanoparticles to drop from 320 to 185 nm.

3.2.2. Effect of polymer concentration

Polymer concentration was varied in the range of 10 to 40
mg in the organic phase, and the impact of the initial quantity of
polymer on particle size and shape was studied at the same time
as preserving all process variables under standard conditions
(Figure 3). The increasing the polymer concentration starting
from 10 to 40 mg in the organic phase led to an increase in
nanoparticle size from 210 to 280 nm. The size of the nano-
particles increased with increasing polymer concentration in
the organic phase because the viscous nature of the dispersed
phase increased. Consequently, the organic phase into the
aqueous phase diffusion reduced and resulted in the bigger size
particle formation during the diffusion process.

3.2.3. Effect of surfactant concentration

The surfactant (PVA) concentration effect on particle size
and shape was investigated in a series of formulation prepared
using an aqueous phase containing PVA of different
concentrations (0.25 to 1.00%) (w/v), while keeping all other
parameters constant. The results indicated two findings (i)
When the PVA concentration increased, the size of the
nanoparticles first decreased (320 to 230 nm) and (ii)
Gradually, the size of the nanoparticles increased from 230 to
380 nm (Figure 3). The optimized formulation of alendronate-
loaded PLGA NPs was selected based on the minimum particle
size and maximum entrapment efficiency values and applied for
further studies.

3.3. Characterization

The FTIR spectra of pure drug alendronate and drug-loaded
NPs were obtained by using FTIR to characterize the chemical
structure of biopolymer and nanoparticle (Figure 4). The main
characteristic peaks of alendronate-sodium show at 1186 and
1064 cm in the region 1200-900 cm! correspond to C=0 and
P=0 stretching modes, respectively. The characteristic peak of
phosphate group of alendronate is obtained at 1551 cm-. All
characteristic peaks are also present in the FTIR spectrum of
alendronate-loaded PLGA NPs with minor shifting of the peaks.
The absence of the characteristic peak of the phosphate group
of the drug alendronate at 1551 cm shows that the drug
molecules were entrapped in polymeric nanoparticles.

3.4. Nanoparticle size of the optimized formulation
The nanoprecipitation method was used to prepare the

alendronate-loaded PLGA NPs in the desired range and it was
considered an efficient nanocarrier for drug encapsulation.
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Figure 3. (a) Sonication time effect on particle size, (b) TEM image of optimized formulation after 40 minutes sonication with least mean particle size, (c) Polymer
(PLGA) content effect in organic phase on the size of nanoparticles, (d) TEM image of the best formulation prepared with 40 mg PLGA in organic phase, (e) Effect
of surfactant (PVA) content on the size of nanoparticles and (f) TEM image of the nanoparticles prepared with 0.5 % w/v PVA in aqueous phase.
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Figure 4. The FTIR spectrum of (a) pure drug alendronate and (b) alendronate-loaded PLGA NP.
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Table 1. Comparison b/w Alendronate loaded Chitosan and PLGA nanoparticles.

411

Characterization Alendronate loaded chitosan NPs Alendronate loaded PLGA NPs
Average particle size (nm) 214.6 175.3
Polydispersity index 0.156 0.143
Zeta potential (mV) +24.1 -13.98
Entrapment efficiency (%) 66.82 65.23
g 5 75 =
:
-
nl 0 10.0 °
Diameter (nm) (a]
Frequency (Hz)
R ]
. AW :
2000 00 2000 4000
Zeta Potential (mV) (b]

Figure 5. (a) Average particle size of alendronate PLGA NPs and (b) Zeta potential of alendronate PLGA NPs (Mean#SD, n = 3).

This method is widely used for nanoformulation as a result
of its simple methodology, nontoxic nature, and cost-
effectiveness. The prepared alendronate loaded PLGA NPs were
found in the nano range. The results of DLS studies for average
particle size, distribution and zeta potential are shown below in
Figure 5, and their spherical shapes were confirmed by using
TEM, SEM and AFM in Figure 6.

The optimized formulation showed the average particle
size (175.3 nm), entrapment efficiency (65.23%) and polydis-
persity index (PDI) was 0.143. The zeta potential of the
optimized formulation was found to be -13.98 mV. The drug and
polymer ratio of the optimized formulation was 1:4, which
shows the average particle size in the range below 200 nm.

In our previous work, we also prepared alendronate-loaded
chitosan NP [34]. The results of average particle size, PDI, zeta
potential, and % entrapment efficiency are compared in the
following Table 1.

In the above results, the average size of drug-loaded PLGA
NPs is smaller than that of chitosan NPs because agglomeration
in chitosan NPs via the ionotropic gelation method increased
the size of the NPs. The polydispersity index is used to
determine the degree of polymerization. Polydispersity index
values of 0.2 and below are most commonly acceptable in
practice for polymer-based NPs. PDI value for PLGA and
chitosan NPs is in the acceptable range. The zeta potential value
represents the surface charge of NPs. PLGA being a negatively
charged polymer imparts anionic nature to nanoparticles
where Zeta potential value was found as -13.98 mV, while in
chitosan NPs, the value is +24.1 mV. The positive value might be
due to the presence of one basic nitrogen atom on the surface of
NPs. The entrapment efficiency (EE%) value is approximately
similar in both NPs.

3.5. Surface morphology

The scanning electron microscopy results of the optimized
formulation show an average particle size in the range below

200 nm. The results of the TEM and AFM studies also confirmed
the particle size range below 200 nm of the optimized
formulation. The prepared nanoparticles are spherical and
symmetric, as shown below in Figure 6.

3.6. Differential scanning calorimetry (DSC)

It is an important study to identify the possible interactions
between nanoformulation components, i.e. a drug and polymer
compatibility study. The thermal analysis of the pure drug
alendronate showed a sharp peak at 234 °C, indicating its sharp
crystalline nature. This temperature corresponds to its melting
point. This peak of drug was absent in the NP formulation,
which indicates that the drug was encapsulated into the NPs
and decreased the crystallinity, which is helpful in drug
dissolution. The compatibility study of drug and excipients was
identified by DSC and shows that the drug and excipients are
compatible with each other and can be used for further
formulation development.

3.7. Drug release kinetic study

Drug release is the process in which a drug leaves a drug
product and is subjected to ADME, finally becoming available
for pharmacological movement. In the in-vitro drug release
study, the dialysis bag approach was used for nanoparticles,
and some mathematical kinetic models, were accomplished. For
the kinetic examination of the formulated drug NPs, the plots
were made for the zero-order kinetic model, the first-order
kinetic model, the Higuchi model, and the Korsmeyer-Peppas
model. Plots of the models noted above are shown in Figure 7,
and the effects are summarized in Table 2. In the graph, R? is the
correlation value, k is the rate constant, and n is the release
exponent. Based on the above results, the maximum value of R?
is 0.9685 for the Higuchi model. Therefore, the release study of
drug-loaded NPs is followed by the Higuchi model.
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Table 2. R2values and rate constant values (k) for mathematical models.

Kinetic models Correlation value (R?) Rate constant (k) Release exponent (n)
Higuchi model 0.9685 0.891x10-1 (min-1/2) -

Korsmeyer-Peppas model 0.9154 1.520%10-4(min-1) 0.68

First-order model 0.6238 1.140x10-! (min-1) -

Zero-order model 0.9345 2.341 (molexmin-1) -
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Figure 7. (a) Zero order plot, (b) First order plot, (c) Higuchi model plot, and (d) Korsemeyer-Peppas model.
In the Korsmeyer-Peppas model, the release exponent which indicates that the release mechanism is non-Fickian

value n is 0.68. The magnitude is in the range (0.45 < n < 0.89), diffusion.
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4. Conclusions

Osteoporosis is the second most severe disease in the
current scenario and causes a million fractures per year in the
world. Alendronate is the most effective bisphosphonate for the
treatment of osteoporosis; in the present work, a novel
alendronate-loaded PLGA nanoformulation is proposed for the
efficient drug delivery system for the effective management of
osteoporosis disease. The effect of different process variables
on the preparation of NP was investigated and the in-vitro
release indicated a controlled and sustained release profile of
alendronate-loaded polymeric NP in phosphate buffer saline
(pH = 6.8). The release kinetics data showed the highest
regression value (R?) of 0.9685 for the Higuchi model and the
‘n’ value (0.68) in the Korsmeyer-Peppas model, indicating that
the release mechanism is non-Fickian diffusion. The current
study results would help us find a new drug discovery and
delivery approach by preparing the anti-osteoporosis drug
alendronate in the nano range.
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