
Prolonged administration of systemic antibiotics is usual in chronic osteomyelitis
treatment (1). But, local implantable delivery with sustained antibiotic release may offer
considerable advantages over the traditional method of therapy by producing an effec-
tive local antibiotic concentration at the diseased site, with the limitation of systemic ex-
posure to antibiotics maintaining low systemic side effects (2).

Hydroxyapatite (HAp, [Ca10(PO4)6(OH)2]) is one of the widely used bioceramics in
various biomedical applications, mainly in orthopedics and dentistry, due to its close si-
milarity to inorganic mineral components of bones and teeth (3). Because of its biocom-
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patibility and bone-bonding property, HAp has been used as a safe matrix in the bone
drug delivery (4, 5). It also offers high binding affinity for a variety of pharmacological
substances such as antibiotics, hormones, steroids, etc. (6–8). This has opened the poten-
tial of using HAp to deliver various pharmacological substances in many clinical appli-
cations.

Ciprofloxacin is a fluroquinolone derivative, widely used in osteomyelitis because
of its favorable penetration and bactericidal effect on all the probable osteomyelitis pa-
thogens (9). An investigation of the HAp-ciprofloxacin system was performed by Pham
et al. based on the precipitation and spray drying techniques (10). But, the drug release
kinetics from these delivery systems (sustained release of ciprofloxacin for a few days
only) were not as satisfactory as expected from an implantable system for bone delivery.
The effectiveness of an antibiotic therapy to treat bone infections involves irrigating the
infected site by the therapeutic level of antibiotic concentration for several weeks (11). In
our initial investigation, we found high ciprofloxacin concentration (up to 76.6 ± 0.5 %,
m/m) in an HAp-based system synthesized by the precipitation technique and by vary-
ing synthesis parameters such as drug amount added and addition rate of orthophos-
phoric acid (10). In this case, the addition rate of orthophosphoric acid was slower (1 mL
min–1 and 0.5 mL min–1) in comparison with earlier literature reports on the precipita-
tion technique (9), and thus we have formulated HAp-ciprofloxacin minipellets for bo-
ne-implantable delivery by compressing synthesized HAp-ciprofloxacin powders. The
in vitro ciprofloxacin release from these minipellets was slow and sustained for several
weeks. In the present investigation, we have attempted to increase drug concentration in
implants, which will reduce the total mass and size of implants. This may work like
small surgery and decreases hospitalization period. Therefore, in the present investiga-
tion, we have attempted to analyze the effect of various synthesis parameters such as the
drug amount added in the process, stirring speed and addition rate of orthophosphoric
acid in the synthesis on drug concentration in the HAp-system. The precipitation tech-
nique using 23 factorial design was used to develop HAp-ciprofloxacin bone-implants
»Quality by design (QbD)«. QbD encompasses designing and developing formulations
and manufacturing processes that ensure ensure predefined product specifications. An
important part of QbD is to understand how process and formulation parameters affect
the product quality and subsequent optimization of these parameters with respect to fi-
nal specifications (12). Also, we have used guar gum, a natural biodegradable material,
as a binder to manufacture new HAp-ciprofloxacin bone-implants, which was not com-
mon by used in previous investigations (9–11).

EXPERIMENTAL

Materials

Ciprofloxacin hydrochloride was a generous gift from Dr. Reddy’s Laboratories (In-
dia). Calcium hydroxide (Qualigens Fine Chemicals, India), orthophosphoric acid (Quali-
gens Fine Chemicals, India) and guar gum (HiMedia Laboratories, India) were used. All
other chemicals were of analytical grade.
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Methods

Experimental design. – A three-factor, two-level factorial design (23) was employed
for optimization, with the drug amount added in the process (X1), stirring speed (X2)
and addition rate of orthophosphoric acid in the synthesis (X3) as three prime selected in-
dependent variables. They were varied at two levels, low level (–1) and high level (+1). The
percentage of drug in the HAp-system was used as a dependent variable. Design-Expert®

DX 7 software was used for the generation and evaluation of the statistical experimental
design. The design matrix including the response (drug load) is shown in Table II.

Synthesis of HAp-ciprofloxacin composites. – The HAp-ciprofloxacin composites were
prepared by the precipitation technique. In brief, 50 mL of aqueous suspension of 0.5
mol L–1 calcium hydroxide was prepared and vigorously stirred for 10 min. 50 mL of 0.3
mol L–1 orthophosphoric acid was slowly added into the calcium hydroxide suspension.
Then, the drug was added and pH (10.5) was carefully adjusted with 1 mol L–1 ammo-
nium hydroxide. The suspension was well stirred using a magnetic stirrer for 30 min
and aged overnight at room temperature. The precipitate was subjected to vacuum fil-
tering using a Büchner funnel, repeatedly washed with deionized water and filtered again.
The precipitates was dried at room temperature for 48 hours. Dried lumps of composites
were ground using clean mortars and pestles.

Determination of drug concentration and drug loading. – Filtrates of the suspensions of
HAp-ciprofloxacin composites, which were obtained after washing with deionized wa-
ter, were taken and analyzed to determine the drug loading and drug incorporation effi-
ciencies. Absorbance values were measured from filtrate dilutions of different formula-
tions at 274 nm using a UV-VIS spectrophotometer (Thermo Spectronic UV-1, USA). Drug
concentration and drug loading were calculated.

Manufacturing HAp-ciprofloxacin bone-implants. – HAp-ciprofloxacin composites (2 g)
were mixed with 2.5 mL of 1.5 % (m/V) aqueous solution of guar gum to make a smooth
paste and were then poured into 2.5-mm diameter cylindrical moulds using an extruder
syringe. After hardening, cylindrical rods (diameter 2.5 mm) were removed from mo-
ulds and dried at room temperature for 24 hours. The cylindrical rods were cut into pel-
let-sized implants. The geometry of the implants was cylindrical with an average length
of 2 mm and diameter of 2.5 mm.

Characterization of the HAp-ciprofloxacin delivery system

X-ray powder diffraction (XRPD). – Samples were exposed to CuK� radiation (35 kV
´ 30 mA) in a wide-angle X-ray diffractomter (SEIFERT X-Ray Diffractometer, XRD 3000
P, RICH SEIFERT & Co., Germany). The instrument was operated in the step-scan mode
with increments of 0.050� 2q. The angular range was 5 to 40° 2q, and counts were accu-
mulated for 1 second at each step.

Fourier transform infrared (FTIR) spectroscopy. – The samples were triturated to pow-
der and analyzed in KBr pellets using a Perkin Elmer Spectrum RX I spectrometer (Per-
kin Elmer, USA).
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Scanning electron microscopy (SEM). – The samples were gold coated in an ion sput-
ter (Hitachi E1010, Japan) and their microstructures were examined with a scanning ele-
ctron microscope (Hitachi S3400, Japan).

In vitro release of ciprofloxacin from implants. – Samples containing 5 bone-implants of
each formulation were placed in Falcon tubes containing 5 mL of pH 7.4 phosphate buf-
fer saline (PBS) at 37 ± 0.5 �C. Elution fluids were collected and the same volume of fresh
buffer was replaced at regular intervals. Collected elution fluids were used for determi-
nation of antibiotic concentration at 271 nm.

Data analysis

The purpose for using a full factorial experimental design was to conduct a compre-
hensive study of the effect of process parameters and their interactions using a suitable
statistical tool (Design-Expert® DX 7 Software) by applying one-way ANOVA. Individ-
ual response parameters were evaluated using the F-test. Mathematical modeling was
carried out to obtain a first-order polynomial equation depending on significant influ-
ences of the three factors (X1, X2 and X3) of the factorial design model using the follow-
ing equation:

Y = b0 + b1X1 + b2X2 + b3X3+ b4X1X2+ b5X1X3 + b6X2X3 + b7X1X2X3

where Y is the dependent variable, while b0 is the intercept, b1, b2, b3, b4, b5, b6 and b7 are
regression coefficients; X1X2, X2X3, X1X3 and X1X2X3 are interactions between the main
effects.

Release kinetics modelling

The in-vitro ciprofloxacin release data from implants were evaluated kinetically us-
ing various mathematical models, such as zero-order, first-order, Higuchi, Hixon-Cro-
well and Korsmeyer-Peppas model (9, 13–14):

for zero-order kinetics: F = kot, where F represents the fraction of drug released in
time t, and ko is the apparent release rate constant or zero-order release constant;

for first-order kinetics: ln(1-F) = – k1t, where F represents the fraction of drug re-
leased in time t, and k1 is the first-order release constant;

for Higuchi model: F = kHt½, where F represents the fraction of drug released in
time t, and kH is the Higuchi dissolution constant;

for Hixon-Crowell model: Wo
1/3 – Wt

1/3 = kst, where Wo is the initial amount of
the drug in composites, Wt is the remaining amount of the drug in composites at
t, and kS is the constant incorporating the surface volume relation (dividing the
above equation by Wo

1/3 and simplifying: (1-F)1/3 = 1 – kEt, where F = 1 – (Wt/Wo)
and F represents the drug dissolved fraction at time t, and kE is the release constant).

for Korsmeyer-Peppas model: F = kPtn, where F represents the drug fraction re-
leased in time t, kP is the rate constant and n is the diffusional exponent; this indi-
cates the drug release mechanism.
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RESULTS AND DISCUSSION

Factorial design

Hydroxyapatite-ciprofloxacin composites were prepared by the precipitation tech-
nique according to the 23 factorial design. For the 23 factorial design, a total of 8 experi-
mental formulations were prepared for 3 factors, the drug amount added in the process,
stirring speed and addition rate of orthophosphoric acid in the synthesis, at 2 levels (high
and low). Values of the drug concentration data in the 23 factorial design (Table I) were
fitted to a first-order polynomial model. Our model equation became:

Y = 3.98889 + 28.88869X1 – 0.00940X2 – 0.05889X3 + 0.01010X1X2 – 0.20869X1X3 +

+ 0.000005X2X3 + 0.0000425X1X2X3

The results of ANOVA, as shown in Table II, indicated that the model was signifi-
cant for all response parameters investigated with an F-value of 1251.65 (p � 0.0216) and
R2 value of 0.9999. Model simplification was carried out by eliminating non-significant
parameters in the polynomial equation resulting from the multiple regression analysis,
giving:

Y = 3.98889 + 28.88869X1 – 0.05889X3 – 0.20869X1X3

A numerical optimization technique using the desirability approach was employed
to develop new formulations with desired responses (desired quality). A constraint to
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Table I. 23 full factorial design (coded values in brackets) with responses for different HAp-ciprofloxacin
composites

Formulation
code

Drug amount added
in the synthesis (g)

Stirring speed
(rpm)

Addition rate of
orthophosphoric acid in
the synthesis (mL min–1)

Response
(drug concentration)

(%, m/m)a

(X1) (X2) (X3)

F-HCip/1 1 (+1) 1000 (+1) 100 (+1) 11.9 ± 0.7

F-HCip/2 1 (+1) 600 (–1) 1 (–1) 33.2 ± 0.4

F-HCip/3 0.5 (–1) 600 (–1) 100 (+1) 2.6 ± 0.1

F-HCip/4 0.5 (–1) 1000 (+1) 1 (–1) 14.1 ± 0.4

F-HCip/5 1 (+1) 1000 (+1) 1 (–1) 33.2 ± 0.3

F-HCip/6 1 (+1) 600 (–1) 100 (+1) 9.4 ± 0.2

F-HCip/7 0.5 (–1) 1000 (+1) 100 (+1) 2.5 ± 0.1

F-HCip/8 0.5 (–1) 600 (–1) 1 (–1) 15.6 ± 0.5

[(+1) = high level, (–1) = low level]
a Mean ± SEM, n = 3.



maximizing the ciprofloxacin concentration in the HAp-system was to set the goal to lo-
cate the optimum settings of independent variables in the new formulations by QbD,
and these new formulations were formulated using the optimum settings of independ-
ent variables (Table III). QbD stresses the need to thoroughly understand the critical pro-
cess parameters with the aim of achieving successful product development with prede-
fined quality attributes (15). Critical quality attributes are the properties that need to be
controlled as they affect either patent safety or efficacy (16). Optimized HAp-ciprofloxa-
cin composites were evaluated for ciprofloxacin concentration. Table III lists the values
of the observed responses and those predicted by the mathematical model. The graph of
plotting the observed values of drug loading of optimized HAp-ciprofloxacin composite
formulations vs. predicted values using the mathematical model (figures not shown) shows
the R2 value of 0.9986. This reveals that the mathematical model obtained by the 23 fac-
torial experimental design to produce the optimized response (here drug concentration,
%, m/m) was well fitted.

Increase in drug concentration and also in drug loading efficiency was observed at
the lower rate of orthophosphoric acid addition in the synthesis. Formulation F-HCip/10
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Table II. Summary of ANOVA for the response parameter (ciprofloxacin concetration) in
HAp-ciprofloxacin composites by 23 factorial design experiment

Source Sum of squares d.f. Mean square F-value p-value R2

Model 1015.34 6 169.22 1251.65 0.0216 (S) 0.9999

X1 349.27 1 349.27 2583.38 0.0125 (S)

X2 0.14 1 0.14 1.00 0.5000 (NS)

X3 608.66 1 608.66 4501.89 0.0095 (S)

X1X2 2.04 1 2.04 15.09 0.1604 (NS)

X1X3 53.35 1 53.35 394.63 0.0320 (S)

X2X3 1.88 1 1.88 13.92 0.1667 (NS)

X1X2X3 1.96 1 1.96 14.64 0.1635 (NS)

d.f. – degrees of freedom; S – significant; NS – not significant

Table III. Values of independent variables for maximizing the ciprofloxacin concentration in
HAp-ciprofloxacin composites using the numerical optimization technique

Formulation
code

Drug amount
added in the
synthesis (g)

Stirring
speed
(rpm)

Addition rate of
orthophosphoric

acid in the synthesis
(mL min–1)

Drug concentration (%, m/m)

(X1) (X2) (X3) Observed valuesa Predicted values

F-HCip/9 2 600 0.5 64.1 ± 0.6 61.5

F-HCip/10 2.5 600 1 75.2 ± 0.6 75.6

F-HCip/11 2.5 600 0.5 76.6 ± 0.5 75.9

a Mean ± SEM, n = 3.



showed high concentration of ciprofloxacin of 75.2 ± 0.6 and 76.6 ± 0.5 % m/m with high
drug loading efficiency of 85.6 ± 0.1 % m/m and 87.4 ± 0.2 % m/m, respectively (Tables
III and Table IV).

XRPD

X-ray powder diffraction profiles of standard ciprofloxacin hydrochloride, HAp-ci-
profloxacin composites and HAp blank powders are shown in Fig. 1. XRPD profiles of
HAp-ciprofloxacin composites did not show any major differences in characteristic peaks
for HAp from that of HAp blank powder, indicating that the drug (here ciprofloxacin)
might be present in a noncrystalline form or in solid solution in the HAp-system. Again,
it clearly appeared that the XRPD pattern of standard ciprofloxacin hydrochloride sho-
wed significantly different diffraction features them that of HAp-ciprofloxacin compos-
ites and these differences might be due to presence of polycrystalline ciprofloxacin in the
standard ciprofloxacin hydrochloride samples.

FTIR

Fourier transform infrared spectra of HAp blank powders, guar gum, standard cip-
rofloxacin hydrochloride, HAp-ciprofloxacin composites, and HAp-ciprofloxacin bone-
-implants are presented in Fig. 2. Synthesized HAp blank powder and standard ciproflo-
xacin hydrochloride samples were used for comparison. The FTIR spectrum of synthesi-
zed HAp blank powder showed the characteristic peaks, namely PO4 narrow peak at 963
cm–1, the PO4 peak at 1039 cm–1, PO4 peaks at 604 and 564 cm–1, and the OH peak at 668
cm–1, as expected (17). Incorporation of ciprofloxacin into the HAp-system led to emer-
gence of a characteristic peak (1625 cm–1 for C=O in ciprofloxacin) (18). In the FTIR spec-
tra of HAp-ciprofloxacin composites and HAp-ciprofloxacin bone-implants, the charac-
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Table IV. Drug loading efficiency of various formulations of HAp-ciprofloxacin composites prepared by
precipitation technique

Formulation code Drug loading efficiency (%)a

F-HCip/1 29.8 ± 0.6

F-HCip/2 85.7 ± 0.7

F-HCip/3 12.7 ± 0.6

F-HCip/4 72.2 ± 0.3

F-HCip/5 83.0 ± 0.4

F-HCip/6 26.3 ± 1.3

F-HCip/7 78.7 ± 0.2

F-HCip/9 86.6 ± 5.7

F-HCip/10 85.6 ± 0.1

F-HCip/11 87.4 ± 0.2

a Mean ± SEM, n = 3.



teristic peaks of ciprofloxacin were the same as in the standard sample or very slight
shifting of these peaks occurred. This confirms the presence of ciprofloxacin without or
in very minute interaction.

SEM

Scanning electron microscopy images of HAp blank powders are presented in Fig.
3. The images were present as rough, granular or dense aggregates. The particles sho-
wed different shapes, such as short and long columns, thick plates and needle. The SEM
photographs of synthesized powders suggest the typical apatite appearance (19). The
microstructure of HAp blank powders synthesized using 100 mL min–1, addition rate of
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Fig. 2. FT-IR spectra of: a) HAp blank powder, b)
guar gum, c) ciprofloxacin hydrochloride, d) HAp-
-ciprofloxacin composite and e) HAp-ciprofloxa-
cin bone-implant (5).

Fig. 1. X-ray powder diffraction profile of: a)
standard ciprofloxacin hydrochloride, b) HAp-
-ciprofloxacin composite, and c) HAp blank
powders.



orthophosphoric acid was comparatively dense; the particles were of different shapes
(short and long columns, thick and needle-like plates). On the other hand, 0.5 mL min–1

adition rate of orthophosphoric acid resulted in relatively small particles spherical in sha-
pe with rough surfaces. The SEM photograph of HAp-ciprofloxacin composites synthe-
sized using 0.5 mL min–1 of orthophosphoric acid addition rate (F-HCip/11) was found
to be comparatively similar to that of HAp blank powders synthesized using the same
addition rate of orthophosphoric acid. The microstructure of both samples probably hel-
ped provide more surface area to adsorb drug molecules, which increased the drug con-
centration and loading into the HAp-system.

Various HAp-ciprofloxacin bone-implants (2 mm ´ 2.5 mm) were prepared using
various synthesized HAp-ciprofloxacin composites and 1.5 % (m/V) guar gum as a bin-
der. Thus formulated implants were evaluated for in vitro drug release in PBS (pH 7.4).
The in vitro ciprofloxacin release in PBS (pH 7.4) from the bone-implants was followed
for 10 (Fig. 4). All implants (except F-HCip/3 and F-HCip/7) exhibited sustained release
of ciprofloxacin for several weeks. Formulations F-HCip/10 and F-HCip/11 showed
more sustained drug release than the others. These two formulations were prepared us-
ing HAp-ciprofloxacin composites with comparatively higher drug concentration and
drug loadings efficiency. This indicates that the release rate of ciprofloxacin from these
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Fig. 3. SEM images of HAp blank powders synthesized using the addition rate of orthophosphoric
acid: a) 100 mL min–1, b) 0.5 mL min–1 and c) HAp-ciprofloxacin composite using the addition rate
of orthosphoric acid of 0.5 mL min–1 (F-HCip/11).
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Fig. 4. In vitro drug release profiles from F-HCip/1 to F-HCip/ 11 bone-implants (mean ± SEM, n = 3).



implants depended on the amount of drug concentration and drug load, as expected.
Thus, the pattern of ciprofloxacin release from highly loaded HAp-ciprofloxacin bone-
-implants may enable clinicians to achieve and maintain a therapeutic drug concentra-
tion in the infected bone tissue area for a long period of time.

In order to predict and correlate the release behavior of ciprofloxacin from different
implants, it is necessary to fit the release data into a suitable mathematical model. The
results of curve fitting of in vitro data for various implants prepared from optimized
HAp-ciprofloxacin composites into different mathematical models (9, 13-14) are given in
Table V. The drug release pattern of implants investigated in this research correlated
well the Korsmeyer-Peppas model over a period of 21 days. Korsmeyer-Peppas model
was employed in the in vitro drug release behavior analysis of various pharmaceutical
formulations to distinguish between two competing release mechanisms, a Fickian (non-
-steady) diffusional release when n � 0.45 and a case-II transport (zero-order kinetics)
when n � 0 (20). It would appear that the value of n (Korsmeyer-Peppas model) for three
optimized formulations was lower than 0.45. We are inclined to believe that the mecha-
nism of ciprofloxacin release from implants followed Fickian diffusion. Thus, the release
of ciprofloxacin from these HAp implants was mostly diffusion based; relaxational re-
lease was not predominant.

CONCLUSIONS

In conclusion, the proposed methodology may enable the development of new
HAp-ciprofloxacin bone-implants for local antibiotic therapy in osteomyelitis, offering
several advantages. Prolonged release of an antibiotic from these implants at the infec-
ted site may achieve elevated local antibiotic concentration, while minimizing the risk of
systemic toxicity. The high antibiotic concentration in implants would help reduce the
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Table V. Curve fitting of the in vitro ciprofloxacin release from optimized HAp-ciprofloxacin composite
implantsa

Mathematical model Formulation code F-HCip/9 F-HCip/10 F-HCip/11

Zero-order ko (day–1) 0.0079 0.0060 0.0054

R2 0.9515 0.9197 0.8558

First-order k1 (day–1) 0.0088 0.0064 0.0058

R2 0.9609 0.9302 0.8656

Higuchi kH (day–1/2) 0.0370 0.0320 0.0290

R2 0.9968 0.9925 0.9653

Hixon-Crowell kE (day–1/3) 0.0034 0.0027 0.0025

R2 0.8480 0.7496 0.6008

Korsmeyer-Peppas kP (day–n) 0.0371 0.0366 0.0351

n 0.4491 0.4398 0.4225

R2 0.9978 0.9983 0.9953

a up to 21 days



implant size, facilitating surgery and decreasing the hospitalization period. Again, this
type of HAp-based bone delivery can be also developed for the treatment of osteoporo-
sis, osseous tumors, trauma, osseous cancers, etc., in which local drug delivery aimed at
filling defects in the skeleton is effective. Depending on the disease, various bioactive
agents like antibiotics, anticancer agents, growth factors or other proteins, etc., can be lo-
cally released and may accelerate the process of bone regeneration.
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S A @ E T A K

Razvoj hidroksiapatit-ciprofloksacin implantata za kosti »dizajniranjem kvalitete«

AMIT KUMAR NAYAK, BIBEK LAHA i KALYAN KUMAR SEN

U radu je opisan razvoj hidroksiapatit (HAp)-ciprofloksacin implantata za kosti »di-
zajniranjem kvalitete«. U~inak nezavisnih varijabli poput koli~ine dodanog lijeka, brzine
mije{anja i udjela ortofosforne kiseline na koncentraciju lijeka u HAp-sustavu dobive-
nom precipitacijom optimiran je koriste}i 23 faktorijalno dizajniranje. Pomo}u polinom-
ske jednad`be prvog reda odre|ena je optimalna koncentracija lijeka u implantatima na
bazi HAp. Dobiveni odgovori podudaraju se s predvi|enim vrijednostima iz optimira-
nih formulacija. Novi implantati pripravljeni su koriste}i razli~ite omjere HAp i cipro-
floksacina te 1,5 % (m/V) guar gumu kao vezivo. Karakterizacija sustava za isporuku pro-
vedena je pomo}u XRPD, FTIR spektroskopije i SEM. Ciprofloksacin je prisutan u amorf-
nom stanju ~ak pri najvi{im koncentracijama (76,6 ± 0,5 %, m/m). In vitro osloba|anje
ciprofloksacina iz razli~itih implantata bilo je polagano tijekom nekoliko tjedana i dobro
je koreliralo s Korsmeyer-Peppasovim modelom.

Klju~ne rije~i: hidroksiapatit, ciprofloksacin, implantant za kosti, »dizajniranje kvalitete«, osteomielitis
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