
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry B

www.rsc.org/materialsB

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


 

1 

 

In situ synthesis, characterization and in vitro studies of 

ciprofloxacin loaded hydroxyapatite nanoparticles for the treatment 

of osteomyelitis  

 

G. Suresh Kumar, R. Govindan
 
and E.K. Girija* 

Department of Physics, Periyar University, Salem 636 011, India 

 

* Corresponding author. Tel: + 91 9444391733, Fax: +91 427 2345124. 

   E-mail address: girijaeaswaradas@gmail.com (E.K. Girija). 

 

Abstract 

Bioactive materials in combination with antibiotics are widely developed for the treatment of 

osteomyelitis which play a dual role: as bone substitute at the affected site and as local drug 

delivery system for an antibiotic delivery. In the present study, a series of ciprofloxacin loaded 

hydroxyapatite (HA) nanoparticles with sustained and prolonged release behavior has been 

synthesized by in situ precipitation method. The amount of ciprofloxacin loaded on HA 

nanoparticles can be easily adjusted by changing the initial concentration during the synthesis. It 

was observed that as the loaded concentration of ciprofloxacin increases the release is sustained 

and prolonged. The in situ loading of ciprofloxacin onto HA nanoparticles does not significantly 

affect the bioactivity and cytocompatibility of HA whereas it provides antibacterial activity to 

HA against S. aureus and E. coli that causes osteomyelitis. Consequently synthesized 

ciprofloxacin loaded HA nanoparticles can be a potential candidate for the treatment of 

osteomyelitis. 
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1. Introduction  

Osteomyelitis is an inflammation of bone caused by infective micro-organisms [1-3]. The 

usual treatment of osteomyelitis mainly involves fundamental surgical debridement of the 

infected bone, filling the bone defect, adequate soft tissue coverage and antibiotic therapy. A 

prolonged course of antibiotic therapy is required, most often 4-6 weeks and sometimes longer 

[1-6]. Oral delivery of antibiotics can result in systemic toxicity associated with renal and liver 

complications and poor penetration into the targeted site [7-9]. Hence alternative strategy of 

antibiotic delivery should be explored. Recently, development of local drug delivery system 

received much attention since antibiotics are delivered locally, the side effects and risk of 

overdose of oral administration can be avoided and high concentration of drug can effectively 

reach the targeted site [7-11]. Bioactive materials in combination with antibiotics are very useful 

for the development of local drug delivery systems because they play a vital role in subsequent 

bone regeneration at the infected site [12, 13].  

 

Hydroxyapatite (HA) is one of the well known biomaterials owing to its high 

biocompatibility, bioactivity and osteoconductivity, also it is the main mineral component of 

bones and teeth [14]. Mostly HA exists in hexagonal crystal structure and offer two different 

binding sites such as positively charged Ca sites and negatively charged P sites on its surface 

[15]. Thus, HA surface has high adsorption ability for many substances such as proteins, 

antibiotics and growth factors [15-29]. Usually drug loading on HA was achieved either via 

simple adsorption process [17-20] or by solid state mixing of drug with HA powder [22, 23]. The 

earlier mode can result in limited drug loading efficiency and burst release behavior whereas the 

later one can result in the heterogeneous drug distribution within HA matrix and uncontrolled 

release behavior. Hence, search for alternative drug loading modality to achieve sustained and 

prolonged drug release has lead to the option of in situ drug loading [24-26].  

 

There are several antibiotics extensively studied for the treatment of osteomyelitis [2]. 

Among the several antibiotics, ciprofloxacin is much preferred for the treatment of osteomyelitis 

since its minimal inhibitory concentration (MIC) is low (0.25–2 µg/ml) for most of the pathogens 

that cause osteomyelitis [27-29]. Aim of the present work is to synthesize HA nanoparticles 

having the potential to deliver ciprofloxacin in a sustained and prolonged manner. 

Page 2 of 30Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 

3 

 

 

2. Experimental procedure 

2.1. In situ synthesis of ciprofloxacin loaded HA nanoparticles 

Analytical grade calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), di-ammonium hydrogen 

phosphate ((NH4)2HPO4) and ammonia solution (NH4OH) were purchased from Merck, India. 

Ciprofloxacin hydrochloride monohydrate (C17H18FN3O3.HCl.H2O) was purchased from 

Himedia, India. All chemicals were used without further purification. Deionized water was 

employed as the solvent. 

 

Ciprofloxacin loaded HA nanoparticles were prepared by an in situ precipitation method. 

Briefly, appropriate amount of Ca(NO3)2·4H2O (1M), (NH4)2HPO4 (0.6M) and 

C17H18FN3O3.HCl.H2O solutions were separately brought to pH = 10 with 25% NH4OH. Then 

(NH4)2HPO4 and C17H18FN3O3.HCl.H2O solutions were added dropwise into calcium nitrate 

solution under vigorous stirring at room temperature. The obtained reaction mixture was stirred 

for 1 h and aged for 24 h at room temperature. The reaction mixture was then centrifuged (5000 

rpm) to separate the precipitate which was washed repeatedly to remove the byproducts. Then 

the precipitate was dried at 37 ºC and the dried cakes were crushed into powders.  In order to 

load different amounts of C17H18FN3O3.HCl.H2O on HA nanoparticles, samples were prepared 

with 5, 10 and 20 mg/ml of C17H18FN3O3.HCl.H2O solutions and the samples obtained were 

named as HA-cip-1, HA-cip-2 and HA-cip-3, respectively. The same experiment was also 

carried out in the absence of C17H18FN3O3.HCl.H2O to obtain pure HA for comparison. 

 

2.2. Characterization 

The powder X-ray diffraction (PXRD) patterns of the as-synthesized samples were recorded 

using Rigaku MiniFlex II powder X-ray diffractometer in the range between 20° ≤ 2θ ≤ 60° with 

Cu Kα monochromatic radiation (1.5406 Å). Crystallographic identification of the phases of the 

samples was accomplished by comparing the experimental PXRD pattern with standard data 

compiled by the International Center for Diffraction Data (ICDD). The average crystallite size 

was calculated from XRD data using the Scherrer approximation [30] 

1/ 2 coshkl

K
D

λ
β θ

=  
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where Dhkl is the average crystallite size, as calculated for the (hkl) reflection, λ is the wavelength 

of Cu Kα radiation (1.5406 Å), β1/2 is the full width at half maximum for the diffraction peak 

under consideration (in radian), θ is the diffraction angle (degree) and K is the broadening 

constant chosen as 0.9. The diffraction peak at 2θ = 25.8º was chosen for calculation of the 

crystallite size because it was sharper and isolated from others which is (002) Miller’s plane of 

the HA crystal. The degree of crystallinity (Xc) was evaluated by using the following equation 

[31] 

3

002

0.24
c

X
β

 
=  
 

 

where β002 is the full width at half maximum (degree) of (002) Miller’s plane. Fourier transform 

Infrared (FT-IR) spectra were recorded using BRUKER TENSOR 27 FT-IR spectrometer. The 

FT-IR spectra were recorded in the 4000–400 cm−1 region with 4 cm−1 resolution by using KBr 

pellet technique. The morphology of as-synthesized samples was examined using ZEISS 

ULTRA plus field emission scanning electron microscope (FESEM). The amount of 

ciprofloxacin present in as-synthesized samples were analyzed using thermogravimetry (TG) 

analyzer (Make:TA Instruments, Model: Q600).  

 

2.3. In vitro studies 

2.3.1. Bioactivity test 

The bioactivity of the samples was studied by immersing the compacted samples in 

simulated body fluid (SBF) at 37 °C. The SBF was prepared by dissolving appropriate amount of 

reagent grade NaCl, NaHCO3, KCl, Na2HPO4, MgCl2·6H2O, Na2SO4, (CH2OH)3CNH2 and 

CaCl2·2H2O in deionized water. 1M HCl was used to maintain pH of the solution at 7.4 to mimic 

the concentration of human blood plasma [32]. The as-synthesized samples were compacted into 

disk by applying a pressure of ~24 MPa. Then, the disk was immersed in 30 ml of SBF in plastic 

containers with airtight lids at 37 ± 0.5 °C in an incubator. The SBF solution was renewed once 

in three days for a period of three weeks. Finally, surface of the disk was analyzed by JEOL-

6390 scanning electron microscope (SEM). 
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2.3.2. Cytocompatibility test  

The cytocompatibility of HA and HA-cip-3 with human osteoblast like MG-63 cells was 

determined by the MTT assay [33]. The human osteoblast like MG-63 cells was purchased from 

National Centre for Cell Sciences (NCCS), Pune, India. For the MTT assay, the cells were grown 

in Eagles Minimum Essential Medium containing 10% fetal bovine serum (FBS) with 100 U/ml 

penicillin/streptomycin at 37 °C under a humidified atmosphere of 95% air and 5% CO2. 

Maintained cultures were passaged every week and the culture medium was changed twice a 

week. The monolayer cells were detached with trypsin-ethylenediaminetetraacetic acid (EDTA) 

to make single cell suspensions and viable cells were counted using a hemocytometer and diluted 

with medium containing 5% FBS to give final density of 1x105 cells/ml. 100 µl per well of cell 

suspension were seeded into 96-well plates at plating density of 10,000 cells/well and incubated 

at 37 °C in 5% CO2, 95% air and 100% relative humidity. After 24 h incubation, samples HA 

and HA-cip-3 were added to the culture medium at different dosages (50, 100 and 200 µg/ml). 

The plates were further incubated for 48 h at 37 °C in 5% CO2, 95% air and 100% relative 

humidity.  

After 48 h incubation, 15 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) solution (5 mg/ml in phosphate buffer saline (PBS)) was added into each well 

and the plate was further incubated for 4 h in the incubator. After discarding the supernatants, the 

dark blue formazan crystals were dissolved in 100 µl dimethyl sulfoxide (DMSO) and the optical 

density was measured using Synergy H4 microplate reader at 570 nm. The mean and the 

standard deviation were obtained from sums of three different experiments. Cell viability was 

calculated by using the following equation 

Cell viability (%) = (ODsample/ODcontrol) ×100 

where ODsample and ODcontrol represent the optical density (OD) values of cells cultured with 

sample and without sample, respectively. 

 

2.3.3. In vitro drug release study 

To evaluate the in vitro release characteristics of ciprofloxacin hydrochloride from as-

synthesized samples, 200 mg of as-synthesized samples were compacted into disk and then 

placed in a plastic container with 100 ml PBS of pH 7.4 at 37 ± 0.5 °C in incubator for 

appropriate time. The release medium was collected at various time intervals and the amount of 
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drug released was determined using a Perkin Elmer lambda 25 UV–vis spectrometer. The 

maximum absorbance wavelength (λmax) for ciprofloxacin hydrochloride was found to be at 272 

nm. The concentration of ciprofloxacin hydrochloride was calculated by employing a calibration 

curve. The experiments were repeated triplicate to get mean and the standard deviation. 

 

2.3.4. Antibacterial activity 

Antibacterial activity of all as-synthesized samples was studied by standard disc diffusion 

method [21]. As-synthesized samples were pressed at ~24 MPa to form disk, each nominally 8 

mm diameter and 1 mm thick. The micro-organisms such as Escherichia coli (E. coli) and 

Staphylococcus aureus (S. aureus) were cultured on nutrient agar plates. After the culture, disks 

of samples were located on this plate and incubated for 24 h at 37 ± 0.5 °C. The microbial 

inhibition zone including disk was measured after the incubation period and its images were 

documented. The experiment was repeated three times in order to get mean and the standard 

deviation. 

 

3. Results and discussions 

3.1. Phase purity, morphology and TG analysis 

The PXRD patterns of the as-synthesized samples are shown in Fig. 1. 2θ values of all the 

peaks observed in all samples matched well with JCPDS data for HA (JCPDS File No: 09-0432) 

which indicates that as-synthesized samples constitutes HA as a unique crystalline phase. The 

broad peak in the region 30-35° can be ascribed to (211), (112), (300) and (202) reflections of 

HA. The broadness of diffraction peaks slightly increased and the intensity decreased with 

increase in concentration of ciprofloxacin indicating the reduction in crystallite size and 

crystallinity. The calculated average crystallite size and degree of crystallinity of the as-

synthesized samples from PXRD pattern are given in Table. 1. Significant reduction in crystallite 

size and crystallinity are observed for HA-cip-3. 

 

FT-IR spectra of the as-synthesized samples are shown in Fig. 2. FT-IR spectrum of pure HA 

(Fig. 2 (a)) shows the characteristic PO4
3− (υ4) vibrations of HA at 565 and 602 cm−1 along with 

other υ1, υ2 and υ3 phosphate peaks at 472, 961 and 1017-1109 cm−1
 respectively. The bands at 

3571 and 632 cm−1 are characteristic OH− vibrations of HA [34-36]. The peaks present at 874, 
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1422 and 1455 cm−1 in the pure HA spectrum are attributed to the CO3
2− ions, which is due to the 

adsorbed carbonate from atmosphere [36]. On the other hand, FT-IR spectrum of samples 

synthesized in the presence of ciprofloxacin (Fig. 2 (b-d)) showed the characteristic peaks of HA 

along with characteristic peaks of ciprofloxacin. A peak at 1627 cm−1 is assigned to C=O 

stretching vibrations of the carbonyl group [21, 37, 38]. The peaks at 1584 and 1384 cm−1 are 

due to antisymmetric (υasCOO−) and symmetric (υsCOO−) stretching vibrations of the carboxylic 

(COO−) group, respectively [37-39]. The peak at 1272 cm−1 is attributed to C–F vibration of 

ciprofloxacin [21]. The peaks between 900–660 cm−1 are attributed to the C–H bending vibration 

of aromatic ring [21, 40]. The intensity of characteristic peaks of ciprofloxacin increased with 

increase in concentration of ciprofloxacin which indicate that more amount of ciprofloxacin is 

incorporated into HA when the concentration of ciprofloxacin was increased. Further, a strong 

band at 1632–1640 cm−1 and a broad band between 3000–3600 cm−1 observed in FT-IR spectrum 

of all samples may be attributed to the existence of adsorbed water in the samples [41].  

 

FESEM images of as-synthesized samples are shown in Fig. 3. Pure HA consist of heavily 

aggregated nanometer sized particles. Whereas HA particles formed in the presence of 

ciprofloxacin are spherical in morphology and are loosely agglomerated. Particle size appears to 

increase with increase in concentration of ciprofloxacin. 

 

TG curves of as-synthesized samples are shown in Fig. 4 (a). The weight loss observed upto 

170 °C in all samples is due to desorption of physically adsorbed water molecules [42]. With 

increasing temperature, there is no significant weight loss for pure HA. On the other hand 

significant weight loss was observed between 170 and 600 °C for HA-cip-1, HA-cip-2 and HA-

cip-3, due to the burning of ciprofloxacin [43]. From TG analysis, we have determined the 

amount of drug loaded on as-synthesized HA nanoparticles and the results are shown in Fig. 4 

(b). It is found that the loading of ciprofloxacin on HA nanoparticles increased with increase of 

ciprofloxacin concentration. Moreover, the amount of ciprofloxacin loaded onto HA can be 

easily adjusted by changing the initial concentration of ciprofloxacin added during the synthesis 

of HA.  
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The obtained results from PXRD indicate that when the concentration of ciprofloxacin was 

increased, crystallite size decreased. Whereas FESEM analysis shows that particle size increased 

with increase in concentration of ciprofloxacin. Moreover FT-IR and TG analysis confirmed that 

ciprofloxacin content in as-synthesized samples increased with increase of the concentration of 

ciprofloxacin. A schematic illustrating the possible in situ formation of ciprofloxacin loaded HA 

nanoparticles is shown in Fig. 5. When calcium nitrate was added with di-ammonium hydrogen 

phosphate, the usual reaction between Ca and P takes place and result in the formation of 

amorphous calcium phosphate (ACP), which on aging leads to the development of HA 

crystallites (Fig. 5). On the other hand, the in situ presence of ciprofloxacin molecules during the 

formation of HA nanoparticles may lead to the strong interaction between carboxyl (COO−) 

group of ciprofloxacin molecules and Ca2+ of ACP [26, 27]. Furthermore, F− ions that are present 

in ciprofloxacin can also easily interact with HA on maturation [44]. Thus, due to the strong 

interaction between the ciprofloxacin molecules and HA nanoparticles more ciprofloxacin 

molecules may be incorporated into the interior of the HA nanoparticles in addition to the 

ciprofloxacin molecules adsorbed on the surface of the HA nanoparticles, as shown in Fig. 5. 

When the concentration of ciprofloxacin is increased more number of ciprofloxacin may interact 

with ACP and inhibit the crystallization of HA which resulted in the reduction of crystallite size 

and crystallinity. Whereas encapsulation of ciprofloxacin on HA crystallites due to adsorption 

increased with increase of concentration of ciprofloxacin and might have resulted in increased 

particle size.  

 

3.2. In vitro studies 

3.2.1. Bioactivity  

Fig. 6 illustrates the SEM image of the surface of compacted samples (disk) before and after 

soaking in SBF for 21 days. SEM images before soaking in SBF showed the presence of micro-

creaks on the surface whereas after soaking in SBF revealed the formation of apatite deposits on 

its surface. All the samples showed the formation of apatite deposits after immersion in SBF 

indicating that the bioactive nature of HA does not get affected by the incorporation of 

ciprofloxacin. The two different binding sites such as positively charged Ca sites and negatively 

charged P sites in HA surface can interact with negatively charged PO4
3− and positively charged 

Ca2+ in SBF and result in the formation apatite deposits on the surface of compacted samples. 
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This bioactive nature represents the sign of in vivo bone bonding ability of as-synthesized 

samples. Formation of small dusts besides apatite deposits on HA-cip-1, HA-cip-2 and HA-cip-3 

surfaces may be due to re-precipitation of ciprofloxacin molecules which is released during the 

immersion in SBF. 

 

3.2.2. Cytocompatibility with human osteoblast like MG-63 cells 

Fig. 7 shows the cell viability of human osteoblast like MG-63 cells cultured with HA and 

HA-cip-3 samples. Both samples showed good cell viability with human osteoblast like MG-63 

cells since both sample contains HA which is main inorganic part of bones and teeth. Presence of 

ciprofloxacin molecules does not affect the cell viability of HA-cip-3. It is noted that the cell 

viability of both samples were decreased with increasing the dosage of the samples.  Optical 

image of human osteoblast like MG-63 cells and cells cultured with different dosages of HA and 

HA-cip-3 are shown in Fig. 8 (a-g). According to biological evaluation of medical devices - Part 

5: Tests for in vitro cytotoxicity (ISO 10993-5: 2009), if cell viability of material is less than     

70 % then it has a cytotoxic potential [33]. However HA and HA-cip-3 exhibits cell viability 

greater than 93 % (Fig. 7) indicating that the as-synthesized samples are cytocompatible with 

human osteoblast like MG-63 cells.  

 

3.2.3. In vitro drug release behavior 

The amount of ciprofloxacin released from the in situ prepared ciprofloxacin loaded HA 

nanoparticles with time are shown in Fig. 9. HA-cip-2 and HA-cip-3 released relatively higher 

amount of ciprofloxacin than HA-cip-1. Whereas HA-cip-2 and HA-cip-3 exhibits similar 

release pattern upto 20 days, after that higher amount of ciprofloxacin was released from HA-

cip-3 when compared with HA-cip-2. Moreover, rate of release at the initial stage (10 days) is 

higher and then it becomes gradual in all samples. Desorption of ciprofloxacin molecules that are 

located at the surface of the HA is responsible for higher initial release of ciprofloxacin whereas 

release of ciprofloxacin molecules from the interior of the HA nanoparticles by diffusion as well 

as dissolution processes is responsible for later release. It is interesting to note that the sustained 

and prolonged release of ciprofloxacin has been observed from all the samples. Fig. 10 shows the 

cumulative release percentage of ciprofloxacin from the in situ prepared ciprofloxacin loaded 

HA nanoparticles with time. Over the period of study 90% of the loaded ciprofloxacin was 
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successfully released from HA-cip-1 whereas only 65% and 32% of the loaded ciprofloxacin was 

released in HA-cip-2 and HA-cip-3, respectively. Significant quantities of ciprofloxacin 

molecules still remain in HA-cip-2 and HA-cip-3 and its can play an important role in prolonged 

antibiotic therapy for the treatment of osteomyelitis. 

 

The drug release kinetics of the ciprofloxacin loaded HA nanoparticles were investigated 

using Higuchi model. It is well acknowledged that the Higuchi equation (C =  KHt
1/2) can very 

well describe the kinetics of the drug release from the carrier by a diffusion process through a 

linear relationship between the cumulative amount of released drug (C) and the square root of 

release time (t) [45, 46]. Fig. 11 shows a relationship between the cumulative amount of released 

drug and the square root of release time for the three drug delivery systems, which exhibited 

good linear relationship with a correlation coefficient (r2) of 0.94 for HA-cip-1, 0.98 for HA-cip-

2 and 0.99 for HA-cip-3 (Table 2). Hence drug release from the prepared drug delivery system is 

governed by diffusion process.  

 

  The drug release kinetics of the ciprofloxacin loaded HA nanoparticles were also 

investigated using Ritger-Peppas model. The Ritger-Peppas equation is C = KPt
n
, where C is the 

cumulative drug release at time t, KP is a constant incorporating structural and geometric 

characteristics of the matrix and n is the diffusional exponent which indicates the drug release 

mechanism [47,48].  The drug release data were fitted into Ritger-Peppas model (Fig. 12), which 

exhibited good linear relationship between log t and log C and the kinetic parameters are 

summarized in Table 2. It is noted that the values of n are between 0.56 and 0.60 for all the 

samples which indicates that drug release from the prepared carriers are governed by anomalous 

(non-Fickian) diffusion mechanism [47, 48], which suggests the involvement of more than one 

process such as diffusion, surface erosion and desorption in the drug release mechanism [49, 50].  

 

The performance of drug delivery devices mainly depends on the microstructure, degradation 

nature of the carrier, solubility of the drug and nature of the interactions between drug and carrier 

[51]. The in situ synthesis of samples can offer: (i) a strong interaction between Ca2+ of HA and 

COO− group of ciprofloxacin [26, 27] and (ii) a strong interaction between of F− ions in 
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ciprofloxacin molecules with HA on maturation [44] that resulted in sustained and prolonged 

release of ciprofloxacin from HA carriers.  

 

3.2.4. Antibacterial activity against E. coli and S. aureus  

S. aureus is the most common micro-organism found in patients of all kind of osteomyelitis 

whereas E. coli is commonly found in patients with chronic osteomyelitis [1, 3]. Antimicrobial 

activities of the as-synthesized samples against E. coli and S. aureus are shown in Fig. 13. There 

is no inhibition zone around pure HA. HA-cip-1, HA-cip-2 and HA-cip-3 showed inhibition zone 

around the pellet in which bacterial growth was inhibited. The diameter of inhibition zone of as-

synthesized samples against E. coli and S. aureus are given in Table. 3. The observed 

antimicrobial activity of HA-cip-1, HA-cip-2 and HA-cip-3 can be due to the presence of 

ciprofloxacin molecules in the samples. Ciprofloxacin is a second generation fluoroquinolone 

antibiotic and it penetrate the bacterial cells and inhibit the enzymes such as DNA gyrase and 

topoisomerase IV, which are required for bacterial DNA replication and growth [52, 53]. The 

amount of drug release within 24 h from the fabricated drug delivery systems are well above the 

MIC of ciprofloxacin which is 0.25–2 µg/ml for most pathogens that causes osteomyelitis [27-

29]. Hence HA-cip-1, HA-cip-2 and HA-cip-3 showed good antimicrobial activity against E. coli 

and S. aureus. 

 

The clinical success of bone implants mainly depend on interfacial reaction between implants 

and surrounding tissues. Bone substitutes should ideally be bioactive, providing a chemical bond 

at the bone/implant interface [14, 54]. Bioactivity test revealed that all the synthesized samples 

have ability to form carbonated apatite layer on its surface in SBF and they may bond to living 

bone through the apatite layer formed on its surface in the living body. In vitro cellular test 

indicates that the prepared material does not contain a component that induces toxic effect. 

Moreover, a prolonged drug delivery system is required for the treatment of osteomyelitis and is 

achieved in the present study by in situ precipitation of ciprofloxacin with HA nanoparticles. 

Based on the above results, the prepared ciprofloxacin loaded HA nanoparticles can be 

considered as a potential candidate for the treatment of osteomyelitis since it can play dual role: 

as bone substitute at the affected site and as local drug delivery system for ciprofloxacin release. 
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Further in vivo studies are in progress to evaluate the effectiveness of ciprofloxacin loaded HA 

nanoparticles for the treatment of osteomyelitis. 

 

 

4. Conclusions 

A series of ciprofloxacin loaded HA nanoparticles with sustained and prolonged release 

behavior of ciprofloxacin were fabricated by in situ precipitation method. Tunable loading was 

achieved by changing the initial concentration of ciprofloxacin during synthesis. It is observed 

from the present study that as the concentration of ciprofloxacin is high, significant amount of 

ciprofloxacin molecules remain in HA carrier and plays a vital role in sustained and prolonged 

release. In situ incorporation of ciprofloxacin into HA does not significantly affect the bioactivity 

and cytocompatibility of HA whereas it provides antibacterial activity to HA against S. aureus 

and E. coli that causes osteomyelitis. Consequently the present study offers bone substitute 

material with the combined properties of HA and ciprofloxacin for the treatment of 

osteomyelitis.  
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Tables 

 

Table. 1. Average crystallite size and degree of crystallinity of the as-synthesized samples 

Sample 

code 

Concentration of 

ciprofloxacin (mg/ml) 

Average crystallite 

size (nm) 

Degree of 

crystallinity  

Pure HA 0 40 02 1.646 

HA-cip-1 5 39 04 1.537 

HA-cip-2 10 37 03  1.309 

HA-cip-3 20 31 02 0.764 

 

Table. 2. The kinetic parameters of experimental drug release data fitted with Higuchi and 

Ritger-Peppas model. 

Sample 

code 

Higuchi model   Ritger-Peppas model 

Correlation 

coefficient (r
2
) 

 

 

Correlation  

coefficient (r
2
) 

Diffusional 

exponent (n) 

HA-cip-1 0.94 0.99    0.60 

HA-cip-2 0.98 0.98    0.57 

HA-cip-3 0.99 0.98    0.56 

 

Table. 3. Zone of inhibition of as-synthesized samples against E. coli and S. aureus 

Sample 

code 

Diameter of zone of inhibition (cm)  

E. coli S. aureus 

HA 0 0 

HA-cip-1 3.5 0.2 3.5 0.2 

HA-cip-2 3.7 0.2 3.8 0.3 

HA-cip-3 3.9 0.2 3.8 0.2 

 

 

 

±

±

±

±

± ±

± ±

± ±
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Figures 

 

Fig. 1. PXRD patterns of samples (a) pure HA, (b) HA-cip-1, (c) HA-cip-2 and (d) HA-cip-3. 
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Fig. 2. FT-IR spectra of samples (a) pure HA, (b) HA-cip-1, (c) HA-cip-2 and (d) HA-cip-3. 
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Fig. 3. FESEM image of samples (a) pure HA, (b) HA-cip-1, (c) HA-cip-2 and (d) HA-cip-3. 
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Fig. 4. (a) TG curve of as-synthesized samples and (b) initial concentration of ciprofloxacin 

during the synthesis of HA versus amount of drug loaded on HA. 

 

 

 

Page 20 of 30Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 

21 

 

 

Fig. 5. Schematic of in situ formation of ciprofloxacin loaded HA nanoparticles. 
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Fig. 6. SEM images of the surface of compacted samples before and after soaking in SBF for 21 

days. 
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Fig. 7. Cell viability of HA and HA-cip-3 with human osteoblast MG-63 cells. 
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Fig. 8. Optical image of human osteoblast like MG-63 cells and cells cultured with different 

dosages of samples (a) Control, (b) 50 µg/ml of HA, (c) 100 µg/ml of HA, (d) 200 µg/ml of HA,            

(e) 50 µg/ml of HA-cip-3, (f) 100 µg/ml of HA-cip-3, (g) 200 µg/ml of HA-cip-3, after 48h 

incubation. 
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Fig. 9. Plot between amount of ciprofloxacin released from the in situ prepared ciprofloxacin 

loaded HA nanoparticles and time. 
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Fig. 10. Plot of cumulative release of ciprofloxacin from the in situ prepared ciprofloxacin 

loaded HA nanoparticles as a function of time. 
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.  

Fig. 11. Plot of cumulative drug release percentage versus square root of release time for HA-

cip-1, HA-cip-2 and HA-cip-3. Solid lines represent data fitting to the Higuchi model. 
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Fig. 12. Plot of log cumulative drug release percentage as a function of log time for HA-cip-1, 

HA-cip-2 and HA-cip-3. Solid lines represent data fitting to the Ritger-Peppas model. 
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Fig. 13. Inhibition zone formed around the samples disks against E. coli and S. aureus cultures 

(a) pure HA, (b) HA-cip-1, (c) HA-cip-2 and (d) HA-cip-3. 
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Graphical abstract 

A series of ciprofloxacin loaded hydroxyapatite nanoparticles has been synthesized by in 

situ precipitation method for osteomyelitis treatment. 
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