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Abstract

The aim of our study was to synthesize a biocomposite material using a natural polymer (collagen), hydroxyapatite and
ciprofloxacin. We used Fourier-transform infrared spectroscopy (FT-IR), dynamic light scattering (DLS), high performance
liquid chromatography (HPLC-DAD) and scanning electron microscopy (SEM) for the physico-chemical characterization
and we determined its antibacterial activity against Staphylococcus aureus Rosenbach (S. aureus), Pseudomonas aeruginosa
(Schroter) Migula (P. aeruginosa), Klebsiella pneumonia (Schroter) Trevisan (K. pneumoniae) and Escherichia coli (Migula)
Castellani and Chalmers (E. coli). The release profile of the ciprofloxacin chemisorbed in the material was also studied, and
we found that the release was sustained for 30 days.

Rezumat

Scopul acestui studiu a fost acela de a sintetiza un material biocompozit cu ajutorul unui polimer natural (colagen),
hidroxiapatitei si ciprofloxacinei. Pentru caracterizarea fizico-chimica s-au folosit spectroscopia in infrarosu cu transformati
Fourier (FT-IR), DLS, HPLC-DAD si microscopia electronica de baleiaj (SEM), in timp ce activitatea antibacteriana a
materialului obtinut a fost determinatd pe Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumonia si
Escherichia coli. Profilul de eliberare al ciprofloxacinei chemisorbite a fost de asemenea studiat, constatdndu-se o eliberare
sustinutd a antibioticului din material, pe o perioada de 30 de zile.
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Introduction one of the most commonly used antibiotics for
Staphylococcus aureus infections.

Hydroxyapatite and its derivatives (calcium phosphates)
exhibit superior mechanical characteristics, having an
increased biocompatibility [15], thereby contributing
intensively in the bone regeneration process [6, 11].
The association of hydroxyapatite or its derivatives
with collagen leads to significant changes that are
reflected in the biological properties of the implant,
respectively on the simulation of the osteogenesis
process [3]. The biomimetic function of these bio-
materials is also given by interactions of a supra-
molecular nature (hydrogen bonds, electrostatic forces,
organic matrix packing effects etc.) or molecular
assembly phenomena, explained as a result of the

In the last half century, progress in the development of
new biomaterials and surgical implantation techniques
has led to an explosive increase in their use in the
form of implants or medical devices that play a role in
restoring bone tissue integrity [17, 18]. The biomaterials
market uses over 300 billion dollars annually, with
an increase of 20% annually [12]. A solution that is
the focus of many research groups, in the field of
biomaterials, is the local delivery of the antibiotic
[4] by including it at the surface of the implant or
by obtaining structures with local yield, which are
implanted in the bone defects that result from
infections. Thus, local antibiotic therapy improves
cure rates in osteomyelitis [16], ciprofloxacin being
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functional complementarity between the components
of the composite [8, 9].

The purpose of this study was the development of a
collagen-hydroxyapatite-ciprofloxacin (Coll-HA-CIP)
composite that would allow the production of bone
allografts, with applications in the treatment of
osteomyelitis.

Materials and Methods

Materials

All chemicals were of analytical grade and were purchased
from Merck (Darmstadt, Germany) Coll-HA-CIP bio-
composite, distilled water (1 mL), ciprofloxacin 15 g,
bacterial strains: isolated from hospitalized patients:
Pseudomonas aeruginosa MDRO (Multi Drug Oral
Resistance), Klebsiella pneumoniae MDRO, Klebsiella
pneumoniae MSS (Multi Drug Sensitivity), Escherichia
coli ESBL (Bacteria producing betalactamase),
Escherichia coli MSS, Staphylococcus aureus MRSA
(S. aureus methicillin resistant), Staphylococcus aureus
MSSA (Staphylococcus aureus methicillin sensitive).
Bacterial strains were isolated from haemocultures,
collected from patients with haematological diseases,
identified by current laboratory methods (Gram smear,
oxidase test, coagulase test, citrate test, TSI-test, MIU-
test) and automated methods (BD Phoenix and
VITEK 2 SYSTEMS).

Sensitivity to therapy was tested using a huge number
of antibiotics (Amoxicillin/Clavulanic Acid, Ceftriaxone,
Cefepime, Ceftazidine, Ceftazidim/Avibactam, Imipenem,
Meropenem, Ertapenem, Colistin, Gentamicin, Tri-
methoprim/Sulfametoxine, Cefametoxine, Sofametoxine,
Vancomycin, Linezolid, Erythromycin, Clindamycin,
Rifampicin and Tertacyclin), by diffusimetric method
(Kirby Bauer) and by automatic method (automatic
systems).

Synthesis of collagen-hydroxyapatite (Coll-HA) bio-
composite

The synthesis of the Coll-HA biocomposite consists
of the in situ generation of hydroxyapatite in the
collagen matrix. For this purpose, a Coll-HA mixture
was prepared with the mass ratio collagen pure
substance/inorganic mp = 1: 1.

The collagen used is stable in acidic pH, containing
2.26% pure (dry) substance.

Thus, in the collagen mixture maintained at low
temperatures (to prevent denaturation), a suspension
containing Ca?* ions is added dropwise, the mixture
being stirred for 30 min at 400 rpm. Subsequently,
under careful temperature control, a PO* anion-
generating suspension is added gradually, the mixture
being kept under mechanical stirring for another 30
minutes until the mixture is completely homogenized.
The process is accompanied by precipitation of HA
directly into the collagen matrix.

The inorganic precursors used were Ca(OH), and
(NH4)2HPO,. The obtained final mixture had a white,
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viscous appearance. For crosslinking, a dilute solution
of Glutaraldehyde (1%) was added to the mixture,
and then stored at 4°C for 24 h. After crosslinking,
the composite was washed with ultrapure water
repeatedly until neutral pH was established, then
subjected to the lyophilisation process.

The gel thus obtained was subjected to the freeze-
drying process (freezing at 55°C for 12 hours,
vacuuming at 0.001 mbar for 12 hours and heating
under vacuum for 24 hours up to 35°C), to obtain
porous composite materials.

Chemisorption of ciprofloxacin

In order to achieve the chemisorption of ciprofloxacin
in the Coll-HA composite, a solution of ciprofloxacin
with a concentration of 3.33 mg/mL was prepared.
Since ciprofloxacin is very slightly soluble in water,
having a minimum solubility at pH 7.4 (30 mg/mL
at 20°C), the pH was adjusted to 10.5 with NH,OH
and ciprofloxacin was added while stirring (500 rpm).
It was chosen to solubilize the drug in a basic medium,
because an acidic pH would affect the hydroxy-
apatite in the composite.

The optimum contact time is the time required for
the maximum adsorption of ciprofloxacin within a
minimum contact time. Initially there is a rapid
adsorption in the first hours after the start of the
experiment, then the initial rate of adsorption decreases
gradually, with increasing time and reaching equilibrium
at about 48 hours.

FT-IR analysis

FT-IR spectra were recorded in potassium bromide,
on a Fourier Avatar Nicolet spectrophotometer in the
range of 500 - 4000 cm™.

DLS analysis

DLS analysis was accomplished with a Brookhaven
90 plus/bi-mas multi angle particle sizing option
with the following characteristics: size range: 2 nm to
3 um, diffusion coefficient range: 10 to 10° cm?sec,
accuracy: * 1% to 2% with dust free samples, laser:
15 mW solid state laser, red temperature control: 5
to 75°C, sample volume: 0.5 to 3 mL.

The zeta potential was measured with a Zeta potential
Analyzer (Brookhaven) with the following characteristics:
zeta potential Range: -150 to +150 mV, size range:
10 nm to 30 pum, accuracy: + 2%, repeatability: + 2%,
laser: 35 mW solid state laser, red (660 nm wave-
length), temperature control: 6 to 74°C, sample volume:
1.5mL.

HPLC-DAD loading efficiency

The determination of ciprofloxacin was performed by
HPLC on a Thermo Finnigan Surveyor chromatograph
with a DAD detector and a Thermo Finnigan Xcalibur
software. Work was carried out on a Hypersil GOLD
C18 (Thermo Scientific) column, 250 mm long, 4.6 mm
inside diameter, with a particle size of 5 um stationary
phase. The mobile phase consisted of a mixture of
20 mM citrate buffer solution (containing 16.7 mM
citric acid dihydrate and 3.3 mM sodium citrate di-
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hydrate) - acetonitrile (40:60, v/v) with a flow rate
of 1 mL/min.

The standard ciprofloxacin solution at 1 mg/mL
concentration was solubilized in acetonitrile. From
this solution, by dilution, other solutions with
concentrations of 125, 250, 500, 1000, 2000, 5000,
7500 and 20000 ng/mL were prepared.

In vitro release of ciprofloxacin

The temperature was maintained at 37°C £ 0.5°C.
Bottles with threaded stopper were used to ensure the
samples are watertight to avoid water evaporation.
Initially 10 mL of HPLC ultrapure water (LiChrosolv,
Merck) was added and then Coll-HA-CIP disks were
immersed.

At regular time intervals (1 day, 3 days, 6 days, 10
days, 21 days and 30 days respectively), 0.5 mL
solution was taken for quantitative determination of
ciprofloxacin by HPLC. The volume taken was replaced
with the yield medium (ultrapure water) to avoid
saturation of the solution in ciprofloxacin.

HPLC method

The mobile phase

To prepare 1 L mobile phase, 640 mL of acetonitrile,
20 mL of methanol and 340 mL of water were
mixed, in which 1.20 g of citric acid and 0.330 g of
monosodium citrate were solubilized.

50 uL of the sample taken were brought to 5 mL with
mobile phase and 20 pL of the mixture was injected
into the HPLC system.

Morphology

Scanning electron microscopy was performed in
order to highlight aspects related to the morphology
of the samples, such as the size, particle shape,
tendency of agglomeration and porosity. The acquisition
of micrographs was done with the help of a high-
resolution scanning electron microscope, FEI Inspect
F50, at 30 KeV voltage and various magnifications.
Because the analysed samples do not have electrical
conductivity, a preparation consisting of a metallization
process (coating the surface to be analysed with a
film of Au particles of about 4 nm thickness) is
required. This process of obtaining electrical conductivity
takes 60 seconds. The samples were then fixed to an
aluminium support using a double carbon adhesive
tape (also conductor). The analysis is performed in
vacuum, by measuring the energy of the secondary
electrons resulting from the interaction of the surfaces
with the primary electron beam.

Antibacterial activity

The composite was weighed to determine the amount
of antibiotic to be tested (CIP). The test product was
inoculated in 1 mL of distilled water and the incubation
was accomplished at room temperature for 24 h.
The 0.5 Mc Farland nephelometer standard bacterial
strain test was performed (using 3 - 5 colonies of
Pseudomonas aeruginosa, Klebsiella pneumoniae,
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Escherichia coli in 1 mL physiological serum sowed
on the standard Muller Hilton placemat Agar (MHA).
From the suspension of each test product, 0.20 puL
of each inoculum of bacterial strain was inoculated.
After incubation at 37°C for 24 h, the results were read.
We previously tested the CIP action of known
concentrations on the bacterial strains studied, comparing
the results of the antimicrobial action with the CLSI
standard guideline (Clinical and Laboratory Standards
Institute).

Results and Discussion

FT-IR analysis

The FT-IR spectrum obtained for the synthesized bio-
composite presents several peaks belonging to the
hydroxyapatite: thus, at 564 cm™, 606 cm™ and
1036 cm* sharp peaks characteristic of the vibrations
of the PO* group in the HA structure were observed,
while between 3500 - 3600 cm™ a broad band was
identified, probably due to the stretch vibration of
the hydroxyl group in the HA structure. Comparing
the wavelengths at which these characteristic peaks
of hydroxyapatite appear in the obtained composite
with those of the commercial hydroxyapatite spectrum
used as a standard, it was observed that in the Coll-
HA-CIP biocomposite they appear at identical wave
numbers, which leads us to the conclusion that between
the Ca atoms of HA and ciprofloxacin inserted by
chemisorption into the biocomposite there are no
strong chemical bonds, which would have led to a
shift of the frequencies in the spectrum, but rather
weak intermolecular attraction forces.

Based on this, we can assume that the release is mainly
controlled by the diffusion and solubility into the
aqueous solution, but, because of the low solubility
of Ciprofloxacin in water, the release is sustainable.
In the FT-IR spectrum of commercial ciprofloxacin
(Sigma Aldrich, Germany), the peak at 1616 cm™
characteristic to -C=0 bond of ciprofloxacin is observed
[7]. The peak of Coll-HA-CIP is shifted to about
1630 cm™, which may be due to the binding of the
calcium ions from HA to ciprofloxacin by carbonyl
oxygen of ciprofloxacin.

At 2840 - 2845 cm, both in the spectrum of
ciprofloxacin (higher intensity) and in the spectrum
of the composite (lower intensity), a band characteristic
to the vibration of the N atom in the piperazinyl
group is observed. The lower intensity band in the
composite spectrum indicates a zwitterionic form of
the nitrogen atom, so this atom cannot make coordinative
bonds with the calcium ions. The fact that ciprofloxacin
is found as an amphion in biocomposite is also
characterized by the absence of the symmetrical stretch
vibration of the carboxylic group [19], a vibration that
is present in the spectrum of pure ciprofloxacin at 1375
cm® next to that of asymmetrical stretch at 1590 cm'™.
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HPLC loading efficiency

The equation of the calibration curve was y = 1014x -
177196, having a very good regression coefficient,
R? = 0.99993. Detection was performed at 280 nm,
with a retention time of 3.2 minutes for standard
ciprofloxacin.

After 48 hours of adsorption, a smaller amount of
ciprofloxacin remained in solution, the remainder
being bound to hydroxyapatite in the composite.
Calculating the amount of chemisorbed ciprofloxacin
(62.7 mg) and reporting it to the hydroxyapatite-collagen
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mass immersed in the solution, the percentage of bound
ciprofloxacin was found to be 18.027%, similar to
other methods of binding ciprofloxacin to hydroxy-
apatite such as adding the drug during the process of
synthesis of hydroxyapatite by wet precipitation. A
possible major contribution to the high percentage
of drug that can bind to the composite is also the
porosity of the composite given by the pore forming
capacity of collagen gel, which implicitly leads to an
increase of the contact surface as well as of the diffusion
rate.
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Figure 1.
A) SEM images for the Coll-HA composite material; B) Coll-HA-CIP composite material

Morphology

Figure 1 shows the SEM images for colloidal porous
composites, obtained by lyophilisation. In the left
images for each sample, made at small magnifications,
of 100x, one can see the three-dimensional structure
of the collagen-based composite suprastructure. The
lyophilized collagen-based composite matrix has
interconnected pores, making it an ideal candidate
for bone regeneration support, the pore size being
large enough to allow cells in growth without altering
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very much the mechanical properties, the size of the
pores being below 150 um [2, 10]

At higher magnifications, one can notice the collagen
fibres [14], interlaced, having the appearance of a
folded sheet, in the case of all the analysed materials.
In all 3 samples the collagen matrix is mineralized with
hydroxyapatite particles, evidenced by the presence
of large agglomerates, both on the surface and inside
the porous materials, demonstrating their homogeneous
distribution, due to the in situ method of obtaining
HA in the Coll matrix [7]. Adding drugs does not
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substantially alter the morphology of the material, the (Table 1) on the following strains: Klebsiella MDRO,
active substance being most likely absorbed inside Klebsiella MSS, E. coli ESBL, E. coli MSS, S.
the pores or adsorbed on the surface of HA. aureus MRSA, S. aureus MSSA, and resistance on
Antibacterial activity Pseudomonas MDRO strains (for all products tested)
By reading the sensitivity diameters after 24 h it was and Klebsiella MDRO for standard ciprofloxacin.
observed that all test products had antibacterial action

Table |
Antibacterial activity of Coll-HA-CIP biocomposite

Strains Inhibition diameter of standard ciprofloxacin
Klebsiellla MDRO Contact resistance | Contact resistance | Contact resistance
Klebsiella MSS 40 mm 40 mm Resistant
Escherichia coli ESBL 41 mm 46 mm Resistant
Escherichia coli MSS 38 mm 32 mm Resistant
S. aureus MRSA 31 mm 30 mm Resistant
S. aureus MSSA 31 mm 32 mm Resistant
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Figure 2.

Chromatograms obtained at the release of ciprofloxacin from the Coll-HA-CIP composites: A) at 1 day; B) 21
days; C) 30 days
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Release of ciprofloxacin from the collagen-hydroxy-
apatite-ciprofloxacin composite

Prolonged release of ciprofloxacin from ciprofloxacin-
based compositions was observed by others [1, 3, 15],
who successfully synthesized a composite with a
60-day antibiotic release period. Rauschmann et al.
studied the release of ciprofloxacin from a compound
based on hydroxyapatite and calcium sulphate and
found a release period of only 10 days [11], while
from the usual drug tablets, ciprofloxacin is released
within 4 - 6 hours after administration [5].

Figure 2 shows the chromatograms (diluted sample
1:10) related to ciprofloxacin release at 1 day, 21
days and 30 days respectively.

According to our results, in the first 10 days
ciprofloxacin is released by the Coll-HA-CIP composite
(which contains 18.027% ciprofloxacin) in a percentage
of 32%. The amount of antibiotic released reached
89% by the end of the study.
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Figure 3.

Release of ciprofloxacin from Coll-HA-CIP

This slow release profile (Figure 3) for the first part
of the study may be due to the links that are formed
between ciprofloxacin and hydroxyapatite in the
synthesis process [19]. The faster release after 20
days is most probably induced by the moderate
degradation of the collagen matrix which means that
the release rate increases because of the symbiosis
of diffusion and bioerosion.

Conclusions

The biocomposite material Coll-HA could stimulate the
osteogenesis process due to the special characteristics
that both collagen and hydroxyapatite possess (bio-
compatibility, osteoconductivity, lack of toxicity).
In the present paper we chose ciprofloxacin as an
antibiotic due to the antibacterial spectrum against most
of the specific pathogens found in bone infections,
with a very low minimum inhibitory concentration
(MIC) (0.25 - 2 pg/mL). Its release from the composite
material is slow, over a long period of time.
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