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Abstract 

Alendronate (ALD), when administered orally, has several 

limitations, including poor bioavailability and gastrointestinal 

irritation. This study addresses the need for a sustained local 

delivery system for ALD by fabricating Hydroxyapatite (HA) 

hollow microspheres using a simple template-directed method 

with mustard seeds as the template. ALD was adsorbed onto the 

surface of the HA hollow microspheres at varying concentrations 

(0.05 µM to 0.2 µM). The microsphere characteristics properties 

of the surface and fundamental makeup were examined using a 

combination of functional group characteristics by Fourier-

transform infrared spectroscopy (FTIR), scanning electron 

microscopy (SEM), and high energetic powder X-ray studies. The 

cytotoxic effects of the ALD-HA composite were evaluated In 

vitro using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay on fibro sarcoma HTT-1080 

cells. Additionally, the drug release capacity of the hollow 

microspheres was assessed. The findings demonstrate that the 

hollow ALD-HA microspheres were successfully fabricated and 

also are a promising desirable action at local sites and designed for 

bisphosphonates for the management of osteoporosis. 

 

Keywords: Alendronate (ALD), Hydroxyapatite, Hollow 

microsphere, Local drug delivery and Osteoporosis 

Introduction  

In the latest developments, the proposal and fabrication of 

materials exhibiting distinct morphologies have captured 

significant interest, particularly for their structural and dimensional 

properties, which contribute to a wide array of exceptional 

functional characteristics with promising applications (Zhang et 

al., 2005). Among various hollow structures, those with nanometer 

and micrometer dimensions have gained substantial popularity. 

Bio-ceramic hollow microspheres, for example, offer 

advantageous, applications in drug delivery attributed to their 

encapsulation properties, combining material properties and 

biological benefits with a large specific surface area (Slowing et 

al., 2007).  Extensive research has been conducted to synthesize 

inorganic hollow structures, primarily using template-based 

methods. Hard templates, including microspheres of polystyrene 

and latex, silica spheres, and nanoparticles of carbon, have been 

widely employed to prepare hollow microspheres (Daryan et al., 

2020). Several studies have also investigated examples of soft 

templates comprising droplets of emulsion, colloidal micelles, 

formation of vesicles, and gas-filled bubbles (Umegaki et al., 

2020). However, hard-template methods allow for more precise 

control over the creation of cavities with hollow interiors. The 

spherical morphology of these microspheres contributes to 

enhanced bone tissue regeneration, controlled drug release, and 

reduced inflammatory responses (Thalluri et al., 2023; Sarma et 

al., 2024; Thalluri, 2024). 

An optimal approach for bone regeneration would serve as a 

localized delivery system, enabling the controlled release of drugs 

and growth factors while supplying an osteoconductive matrix to 

facilitate bone formation. Due to their extensive commercial 

applications—such as encapsulation and drug delivery, catalysis, 

energy storage, and more—hollow nano-structured microspheres 

have garnered growing interest from researchers across multiple 

disciplines (Tamber et al., 2005; Chu et al., 2007; Vasam et al., 

2023; Bukke et al., 2024).  
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In particular, the core diameter of these hollow microspheres is 

crucial, as it dictates the volume of substances that can be 

encapsulated within the core of the microsphere. Alendronate is an 

important bisphosphonate used to treat various bone and calcium-

related conditions, particularly osteoporosis and Paget's disease. It 

works by inhibiting the osteoclast-mediated bone resorption 

process (Sparidans et al., 1998; Orcel & Beaudreuil, 2002; Drake 

et al., 2008). Compared to other bisphosphonates, alendronate is 

chemically linked to inorganic pyrophosphate, which serves as a 

natural regulator of bone turnover (Glorieux, 2007; Cheng et al., 

2014). However, pyrophosphates can inhibit the resorption of bone 

by osteoclasts as well as the mineral incorporation of new bone 

tissue by osteoblasts (Crotts & Park, 1995). In contrast, 

alendronate selectively inhibits bone resorption without negatively 

impacting the mineralization process, making it advantageous over 

other bisphosphonates.   

Hydroxyapatite (HA) has a high structural and compositional 

similarity to the minerals found in natural bone (Boskey, 2013; 

Yurievna et al., 2023). This similarity makes HA commonly 

employed as a biomaterial for bone regeneration as a result of its 

biocompatibility, bioactivity, osteoconductive attributes, and anti-

inflammatory effects. HA-based particles and microspheres have 

been utilized as carriers for various drugs and proteins (Kuboki et 

al., 1998; Kumar et al., 2016). Alendronate (ALD) has a strong 

affinity for Ca²⁺ ions in bone tissue, which further establishes HA 

as an excellent carrier for ALD delivery (Bukke et al., 2024). 

This study explores the synergistic combination of Hydroxyapatite 

(HA) and alendronate (ALD) by hybridizing their properties. We 

employed a template-assisted synthesis method to fabricate HA 

hollow microspheres using mustard seeds as a hard template. To 

enhance the functionality of these microspheres, ALD was 

adsorbed onto their surface. The cytotoxicity of the resulting 

microspheres was then assessed in fibro sarcoma HT-1080 cells. 

ALD is recognized for its effectiveness in treating osteoporosis, 

but its oral bioavailability remains low. By incorporating ALD on 

the HA microspheres' surface, a sustained drug delivery approach 

was achieved, potentially enhancing its therapeutic impact. 

Materials and Methods 

Hydroxyapatite (HA) nanoparticles, biocompatible and with a 

purity greater than 99%, were obtained from Sigma-Aldrich, India. 

Alendronate Sodium (ALD), a pharmaceutical-grade compound 

with over 98% purity, was sourced from TCI Chemicals, India. 

Polyvinyl Alcohol (PVA), an analytical grade substance with 88% 

hydrolysis and a molecular weight ranging from 30,000 to 70,000 

g/mol, was acquired from SRL Chemical Laboratories Private 

Limited, India. Mustard seeds were purchased from local stores. 

Ethanol, an ACS reagent grade with 99.5% purity, was collected 

from Merck, Germany. 7.4 PH Phosphate-buffered saline in a 

sterile form and of molecular biology grade, remained sourced 

from Thermo Fisher Scientific, USA. Dichloromethane (DCM), 

with analytical grade and over 99.8% purity, was obtained from 

Himedia Laboratories, India. Tween 80, also an analytical grade 

and USP/NF grade for bio-applications, was sourced from Himedia 

Laboratories, India. Finally, Pluronic F-68 was acquired from 

Sigma-Aldrich, USA. 

Production of Hollow Microspheres Using a Template Technique 

Hollow Hydroxyapatite (HA) microspheres were effectively 

synthesized using a straightforward, one-step template-directed 

synthesis method. This approach is recognized as a reliable method 

to produce hollow structures. The synthesis of these hollow 

microspheres follows three primary steps: surface modification, 

precursor attachment, and core removal.  

Step 1. Surface Modification 

Initially, mustard seeds (sized 0.3–0.5 mm) were chosen as a hard 

template due to their suitable size and structure. These seeds 

underwent surface modification by etching in a sulphuric acid 

solution for 15 minutes. This treatment enabled better adherence 

of the HA precursor to the seed surface. After etching, the planted 

seeds (microspheres) were rinsed thoroughly using fresh water 

eliminating any residual acid, and allowed to air dry at a specified 

temperature. 

Step 2. Precursor Attachment 

The modified mustard seeds were then dip-coated in a solution 

containing Hydroxyapatite and a binder mixture (10% gelatin and 

polyvinyl alcohol, PVA) to ensure a stable and uniform layer. The 

coated seeds were air-dried at room temperature, and the dip-

coating process was repeated twice to achieve a thick, 

homogeneous HA layer on the surface of each seed. 

Step 3: Core Removal 

To create the hollow structure, the coated seeds were subjected to 

high-temperature sintering. This process involved heating the 

coated seeds to 1220°C for two hours. During sintering, the 

mustard seed core was entirely burned away, leaving behind a 

rigid, hollow HA microsphere. This step not only removed the core 

but also imparted structural stability to the fabricated microsphere 

due to the high-temperature treatment (Bukke et al., 2019; Zhou et 

al., 2021). This simple yet effective method produces robust 

hollow HA microspheres with potential applications in various 

fields because of their distinctive structural properties. Finally, the 

composition of Alendronate-Loaded Hydroxyapatite Hollow 

microsphere formulations is depicted in Table 1. 

Table 1. Quantification of Alendronate-Loaded Hydroxyapatite 

Hollow Microspheres formulations F1-F3 

Name of the Ingredients/ mg F1 F2 F3 

Hydroxyapatite (HA) (mg) 500 500 500 

Alendronate Sodium (ALD) (mg) 0.25 0.5 1.0 

Polyvinyl Alcohol (PVA)(mg) 10 10 10 

Mustard Seeds (mg) 300 300 300 

Ethanol(ml) 50 50 50 

Phosphate Buffered Saline (PBS) (ml) 50 50 50 

Tween 80 (mg) 5 5 5 

Pluronic F-68 (mg) 5 5 5 

Drug Loading on Hollow Microsphere 
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To evaluate the effectiveness of hollow microspheres as drug 

carriers, three different concentrations of Alendronate (0.05, 0.1, 

and 0.2 µM) were tested. Each concentration was prepared in a 

separate flask, with 5 mg of hollow microspheres added to each. 

The flasks were incubated for 12 hours to enable the microspheres 

to load the drug effectively. After incubation, the Alendronate-

loaded microspheres were air-dried overnight and stored in a 

desiccator for further evaluation. For drug release analysis, the 

microcapsules were submerged in a phosphate buffer solution set 

to a pH of 7.4. and incubated. The buffer blend was subsequently 

the analysis was performed using a UV-visible spectrophotometer 

at a wavelength of 491 nm. to assess the concentration of free 

(unbound) Alendronate (Thalluri et al., 2013). The following 

equation was used for calculation. 

Percentage drug loading (%)  

=  (Wa − Wf / W) ×  100 
(1) 

 

Where, Wa - weight of drug-loaded, Wf - weight of free drug, W- 

total weight of drug 

 

Characterizing the Physicochemical Properties of ALD-HA 

Composites 

Particle Size and Shape 

The SEM remained employed to examine the hollow 

microspheres, which were sputter-coated with platinum under 

vacuum to enhance imaging quality. The surface patterning of the 

fabricated microspheres was analyzed at the specified 

amplification at a desired temperature. Additionally, cross-

sectioning of the microvesicles enabled the examination of the 

inner core and measurement of the microsphere wall thickness, 

providing further structural insights (Thalluri et al., 2014). 

 

Elemental Composition Analysis of Alendronate-Loaded 

Hydroxyapatite (ALD-HA) 

To examine the uniform adsorption of Alendronate (ALD) across 

the entire phase of the CaP microspheres, scanning electron 

microscopy with field emission technology (FESEM) coupled with 

spectroscopy for energy dispersive analysis. (EDS), was conducted 

consuming a Carl Zeiss Supra 55 model equipped with a Gemini 

column. This analysis confirmed the uniform, even distribution of 

the calcium (Ca) and phosphorus (P) substratum on the 

microsphere's external surface, aligning with the stoichiometric 

ratio characteristic of bone (Yi et al., 2017). 

Analysis of Alendronate-Loaded Hydroxyapatite (ALD-HA) 

Composite 

The IR overlay spectra of native Alendronate (ALD) and ALD-HA 

composites at different concentrations (0.05 µM, 0.1 µM, and 0.2 

µM) were analyzed using Fourier Transform Infrared 

Spectroscopy (FTIR) with a Perkin Elmer instrument. Diffuse 

reflectance was employed for the analysis, with potassium bromide 

(KBr, Merck KGaA) pellets serving as the primary medium. KBr, 

mixed with the sample, acted as a carrier to facilitate accurate IR 

spectrum analysis (Srujan et al., 2018). 

Cytotoxicity of Alendronate-Loaded Hydroxyapatite (ALD-HA) 

Composite 

To assess the cytotoxicity of free Alendronate (ALD) and the ALD 

+ HA composite, cells (1 × 10-6 cells/mL) were scattered in a 96-

well format plate with DMEM and cultured at 5 percentage CO₂ 

and 37°C for 24 hours. Following this initial incubation, the sample 

cells were subjected to a range of concentrations consisting of free 

ALD and ALD + HA (0.05 µM–0.2 µM) and incubated for an 

additional 24 hours.  To evaluate cell viability, each well received 

the addition of MTT solution containing 0.5 μg/mL, and then the 

plates were incubated for 2 hours at 37°C and 5% CO₂ in darkness. 

Metabolically active cells reduced MTT to insoluble formazan 

crystals, producing a dark purple color. The resulting formazan 

crystals were subsequently liquefied in a dissolving buffer, and 

absorbance was recorded at 570 nm using an ELISA reader 

(Lisaquant-TS), and cell viability was determined by comparing 

the absorbance of the treated samples with that of the untreated 

control cells (Bukke et al., 2024). 

Results and Discussion 

Bioceramic hollow microspheres have shown promising 

applications as drug carriers due to their unique physicochemical 

and biological properties. These microspheres offer a high specific 

surface area, and excellent encapsulation capacity, and are 

conducive to tissue regeneration. Additionally, they provide 

controlled and optimized drug release, which helps reduce 

inflammatory reactions (Zhong et al., 2007; Meldrum & Cölfen, 

2008).   

Bisphosphonates, such as Alendronate (ALD), represent an 

important class of drugs associated with calcium and bone-related 

disorders. These drugs are commonly used in clinical settings for 

the treatment of bone-related conditions, including osteoporosis—

particularly in women—and Paget’s disease (Agrawal et al., 2007, 

2009). Microsphere-based delivery systems have significantly 

contributed to the controlled and sustained release of such drugs, 

enhancing their therapeutic efficacy. 

In this present research, hollow microspheres were produced using 

a template-directed method (Lou et al., 2007; Wu et al., 2008). The 

microspheres surface morphology and chemical composition were 

examined using Scanning electron microscopy (SEM) (Yang et al., 

2012). SEM images of the surface (Figures 1a and 1b) reveal 

mesoporous, plate-like Hydroxyapatite (HA) particles, with a 

rough and irregular external surface, which is favourable for cell 

attachment. Cross-sectional imaging (Figure 1c) shows the 

microsphere wall, consisting of two distinct layers: a highly porous 

inner layer and a less porous outer layer, with an overall wall 

thickness of approximately 100 µm.  

Figure 1d provides a clear view of the internal core of the hollow 

HA microsphere, showing a smoother internal surface relative to 

the outer surface. Following fabrication, the hollow microspheres 
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were dip-coated in various concentrations of ALD solution 

(0.05%, 0.1%, and 0.2%) for drug loading.

 

  
a) b) 

  
c) d) 

Figure 1. SEM images of HA microspheres: a, b) external surface of the hollow HA microsphere; c) cross-section; d) internal view 

of the core. 

 

 
a) 

 
b) 

Figure 2. A comparative FTIR analysis of ALD and ALD-HA composites of 0.05 µM, 0.1 µM and 0.2 µM 
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Subsequently, FTIR and energy-dispersive X-ray Spectroscopy 

analyses were conducted to confirm that the hollow microspheres 

possessed the composition and structure characteristic of HA-

based material loaded with Alendronate (ALD). The FTIR spectra 

of the prepared ALD-adsorbed microspheres were compared to the 

control ALD spectrum, as shown in Figure 2. 

The analysis revealed that a peak corresponding to the 

wavenumber of 3570 cm-1was present in all three different 

concentrations of ALD-loaded HA, with slight deviations: 3573 

cm-1 for 0.1 µM ALD + HA and 3576 cm-1 for 0.2 µM ALD + HA. 

These deviations are connected to the vibrations associated with 

the stretching movements of chemical bonds, specifically the 

elongation and contraction of the O-H molecules.  

Moreover, a wide absorption band observed in the spectrum, 

typically spanning a range of wavelengths, cantered around 3223 

cm-1 corresponds to the vibration mode of O-H groups related to 

hydrogen bonding, which corresponds to incorporated water. The 

characteristic peak at 1648 cm⁻1 is observed in all three ALD + HA 

compositions, indicating the bending vibration of the NH cm-1 

group from the primary amine compound. Another peek at 783 cm-

1 is also related to the same primary amine compound. 

Furthermore, the peak at 1420 cm-1 is allied with carbonate (CO3
2-

ions, while the significant peak at 1348 cm-1 is assigned to the 

bending of the O-H group. In the ALD-HA composite spectrum, a 

series of peaks characteristic of the oscillation mode of phosphate 

ions were also identified (Tabib et al., 2024; Uneno et al., 2024). 

 

 

Figure 3. Fe-SEM/EDS analysis of the surface of ALD adsorbed hollow HA microsphere 

Alendronate (ALD) is recognized for its high binding affinity to 

calcium phosphate (CaP) phases due to its ionic characteristics. 

Unlike other bisphosphonates, the anions of ALD are particularly 

suited for interacting with calcium cations in the CaP phase via 

bidentate chelation (Josse et al., 2005; Boanini et al., 2007). When 

ALD adsorbs onto the Hydroxyapatite (HA) microspheres, two 

potential mechanisms may occur due to Calcium ions interacting 

with the anionic phosphate groups of ALD as well as with CaP. 

Precipitates, followed by the incorporation of ALD. 

To investigate the uniformity of ALD adsorption throughout the 

HA microspheres, Field Emission Scanning electron microscopy 

(FE-SEM) and Energy Dispersive X-ray Spectroscopy (EDX) 

analyses were conducted, as depicted in Figure 3 (Wu et al., 2008; 

Jagyanseni et al., 2023). The EDS analysis indicated the presence 

of elements including phosphorus (P), calcium (Ca), carbon (C), 

oxygen (O), and sodium (Na) in the synthesized HA microspheres.  

As detailed in Table 2, the chemical composition was mapped 

based on the EDS spectra. Notably, the ratio Ca: Phosphorus of the 

Hydroxyapatite powder used in the synthesis of the microspheres 

was calculated to be 1.67, which precisely matches the 

stoichiometric ratio of pure Hydroxyapatite (Ca/P = 1.67) (Josse et 

al., 2005). 

Table 2. Elemental Analysis of the Fabricated Alendronate-

Loaded Hydroxyapatite (ALD-HA) Hollow Microspheres 
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C K 2.58 0.8356 35.76 1.21 44.34 

O K 4.42 0.9488 54.99 1.20 51.19 

Na K 0.11 0.9874 1.27 0.26 0.82 

PK 0.72 1.3514 6.25 0.42 3.01 

Ca K 0.14 0.9573 1.7 0.22 0.65 

 

This study examined the cytotoxic effects of different 

concentrations of Alendronate (ALD) and ALD. Combined with 

Hydroxyapatite (HA) treatment. Previous reports indicated that the 

HOS cell line, MG-63, exhibits a biphasic response to ALD, with 

effective stimulation observed at low doses (ranging from 10 nm 

to 10 µM) and inhibitory effects at higher concentrations (Im et al., 

2004; Xiong et al., 2009; Goyal & Kulkarni, 2024). In our findings, 

we observed that low doses of ALD (0.05 µM to 0.2 µM) did not 

significantly impact cell proliferation in relation to the control as 

illustrated in Figure 4.  
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After 24 hours of incubation, both free ALD and ALD + HA 

composites showed no significant cytotoxic effects on HT-1080 

cells (Aslan et al., 2024; Bandi et al., 2024; Sheshadri et al., 2024).  

These results indicate that low doses of ALD do not adversely 

affect cell morphology or viability, as demonstrated by the MTT 

assay.

 

 
Figure 4. Cytotoxicity activity of different concentrations of ALD+HA on HT-1080 cells treated for 24 hours. The MTT viability 

assay was employed. (Number of samples analyzed in triplicates, mean ± SD are shown) 

The kinetics of release for Alendronate (ALD) from hollow 

Hydroxyapatite (HA) spheres were assessed in a Phosphate-

buffered saline (PBS) solution adjusted to a pH of 7.4. Since the 

microspheres are designed for local delivery, they were placed in 

an environment resembling the extracellular space. As shown in 

Figure 5, ALD release was monitored over 5 days.  

The results indicated linear release kinetics for the first few hours, 

followed by an initial burst release observed after 2 days across all 

three concentrations, with the highest burst release occurring at the 

0.2 µM concentration, reaching 83.2%. This significant burst 

release may be due to the phenomenon of physical adsorption. Of 

ALD onto the surface of the hollow HA microspheres (Mohanty et 

al., 2012; Komatsu et al., 2013), leading to a moderate and 

heterogeneous rate of drug loading.  

In addition to that, the loading efficiency of ALD in the hollow HA 

microspheres at different strengths of 0.05 µM, 0.1 µM, and 0.2 

µM was calculated and recorded between 44% and 48%. However, 

there was no substantial difference in the rate of ALD loaded 

among the hollow microspheres. To achieve better drug-loading 

efficiency, a more refined drug-loading process is necessary to 

ensure uniform drug distribution and controlled release kinetics.

 

 
Figure 5. Controlled release of Alendronate (ALD) at various concentrations of 0.05, 0.1 and 0.2 µM from Hydroxyapatite (HA) 

Microspheres 

 

Conclusion 

In this study, we successfully developed Hydroxyapatite (HA) 

hollow microspheres for the localized delivery of Alendronate 

(ALD) using a simple template-directed method. This approach 

features the physical adsorption of ALD onto the HA 

microspheres, enabling effective drug release. Characterization 

through FTIR and EDS confirmed the strong bonding between 

ALD anions and calcium cations in the calcium phosphate phase, 

enhancing the microspheres' suitability as drug carriers. 

Cytotoxicity assessments showed that the tested concentrations of 

ALD (0.05 µM to 0.2 µM) were non-cytotoxic to HT-1080 cells, 

indicating a favorable safety profile. Release kinetics revealed a 

linear profile with an initial burst phase, ensuring rapid availability 

of the drug for therapeutic action. 
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Overall, the ALD-HA hollow microspheres demonstrate potential 

as a local sustained delivery system, offering a promising 

alternative to existing oral formulations that experience low 

bioavailability. This innovative approach may improve treatment 

efficacy for conditions of bone health conditions, including 

osteoporosis and osteitis deforming (Paget's disease). Future 

research should focus on optimizing drug loading and validating in 

vivo applications to confirm clinical effectiveness. 
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