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Post-surgery infections are considered the most challenging complication in the orthopedic and dental
field. The local release of antibiotics is evidently highly eﬃcient in delivering the drug to the vicinity of
the infected area without the risk of systemic toxicity. Bioactive materials, such as hydroxyapatite (HAp)
among other calcium phosphates, are reputed as superior antibiotic vehicles, and combine drug-delivery
properties and enhanced osteoconductivity. Here, we report on the single-step electrophoretic
deposition (EPD) of drug-loaded HAp nanoparticles (NPs) on titanium implants. This approach provides a
purely bioactive coating with drug delivery properties in a simple, economic, and fast process. We
synthesized pure HAp NPs with 12.5% and 12.8% loading weight percentages of gentamicin sulfate (Gs)
and ciprofloxacin (Cip), and electrophoretically deposited them on a titanium substrate. Furthermore, we
co-deposited Gs-HAp and Cip-HAp in one-step to yield a drug-loaded system consisting of two types
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of antibiotics. The drug-loaded NPs as well as the coatings were carefully characterized. The release
profiles of the Gs-HAp and Cip-HAp NP coatings showed prolonged release of up to 10 and 25 days,
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respectively. The bioactivity test revealed superior bioactivity with enhanced precipitation of HAp crystals
along with inorganic minerals, such as Mg2+, Na+, and Cl . The antibacterial in vitro tests of the Cip and
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Gs-HAp coatings showed eﬃcient inhibition of Pseudomonas aeruginosa bacteria.

1. Introduction
The prophylaxis of infection and its consequences remain a
considerable challenge in orthopedic and dental implantation.
Post-surgery osteomyelitis is the main reason limiting the
success of implantation, which usually results in implant
removal. Osteomyelitis, an infectious inflammation of the
bone, is primarily caused by three diﬀerent bacteria species:
Staphylococcus, Enterobacteriacea, and Pseudomonas, where the
Gram-positive S. aureus (B2/3 of chronic osteomyelitis cases)
and S. epidermis are the most common pathogens.1–3 Aminoglycosides, such as gentamicin (Gs), have a wide antibacterial
spectrum against both Gram-positive and Gram-negative
bacteria. Therefore, aminoglycosides are usually selected as
an efficient antibacterial agent in osteomyelitis treatment.1
On the other hand, fluoroquinolones, such as ciprofloxacin
a
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(Cip), have gained much attention due to their low minimal
inhibitory concentration (0.25–2 mg mL 1) for most of the
bacteria related to osteomyelitis.4,5
In general, implant-related infections are based on bacterial
adhesion, and in severe cases biofilm formation, at the implantation site. The inhibition of bacterial adhesion is considered
the most crucial step in preventing implant-related infections.6
The conventional treatment of osteomyelitis is primarily based
on systemic antibiotic therapy and debridement of the infected
tissues.2,7,8 Conventional systemic delivery of antibiotics
(intravenously or orally) may cause systemic toxicity with associated
renal and liver complications due to ineﬃcient penetration into
the cells and high concentrations of antibiotic intake.6,9 Therefore, local release of antibiotics has become more popular over
the traditional antibiotic administration.
Treatment of osteomyelitis with local delivery of antimicrobial
agents is a novel therapeutic approach, which provides elevated
antibiotic concentrations at the site of infection without the risk
of systemic toxicity. Local antibiotic release is achieved by
introducing antibiotics into a matrix, which can be classified
into two types: biodegradable and non-biodegradable. A nonbiodegradable matrix, such as polymethylmethacrylate (PMMA)
beads, has been commercially approved by the US FDA.10,11
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Although PMMA carriers have been proven to treat osteomyelitis
eﬃciently, their major limitation is a required subsequent surgery
for beads removal. At the same time, biodegradable materials
have been extensively investigated for the local release of
antibiotics.12 Poly(lactic acid) (PLA), poly(caprolactone) (PCL),12
poly(lactide-co-glycolide) (PLGA),13 and chitosan14 have been used
as vehicles for antibiotics delivery. Although these biodegradable
systems possess excellent biocompatibility and do not require
post-surgery implant removal due to complete resorption, their
tendency to enhance bone regeneration is very limited.15
The utilization of drug-loaded calcium phosphate-based
coatings, such as hydroxyapatite (HAp), and bioglass provides
additional value, such as osteoconductivity along with antibacterial properties. HAp, (Ca5(PO4)3OH), coatings have been
massively studied due to their excellent biocompatibility, nontoxicity, non-immunogenicity, and superior bioactivity in
promoting bone regeneration.16–20 In addition, HAp has fundamental adsorption capacity due to its positivity charged surface
(Ca+2) attracting anion pairing interactions with deprotonated
carboxyl groups (–CO2 ), and negatively charged groups, PO43 ,
which promote interactions with protonated amines (–NH3+).21
Therefore, combining HAp coatings with antibiotics is considered a very promising approach, which may guarantee boneimplant integration without bacterial adhesion. Currently,
plasma spray coating of HAp is the most popular FDA approved
method for medical use.22,23 This method is carried out at high
temperature, and therefore incorporating organic materials in
the process is impossible. Alternative coating techniques, such
as dip coating,24 electrochemical deposition,25 electrospray
deposition,26 and electrophoretic deposition (EPD),27 seem to

Scheme 1

be more compatible for antibiotic incorporation. For example,
Tian et al. reported the successful incorporation of Gs after
immersing an Fe3O4/carbonated HAp coating in a Gs solution.28
Laurent and coworkers used a commercial HAp/tricalcium
phosphate bone substitute for Gs loading by immersion.29
Pishbin et al. reported on the co-EPD of Gs with a bioactive
glass/chitosan nanocomposite coating. They showed release of
antibiotics for a prolonged time of up to 8 weeks as well as good
cellular attachment.30 Zheng and coworkers deposited electrophoretically a composite made of calcium phosphate/chitosan
and carbon nanotubes for increasing the Gs loading by
immersion.31
Previously, we reported on a novel technique to coat titanium
implants by electrochemically driven deposition of HAp NPs.25
Here, we present a new approach for a single-stage deposition of
pre-loaded HAp NPs with antibiotics onto a titanium implant
(Scheme 1). Our method is based on loading pure HAp NPs with
Gs or Cip, followed by their EPD to produce an osteoconductive
and antibacterial coating that releases more than 80% of Cip
and 30% of Gs within 25 days. Moreover, we succeeded in
co-depositing simultaneously both Gs-HAp and Cip-HAp NPs to
produce a drug-loaded coating that contained two antibiotics.

2. Materials and methods
2.1

Drug-loaded HAp NP synthesis

4.722 g of Ca(NO3)2 (ACS EMSUREs, Merck) was dissolved in
18 mL of deionized water (Barnstead, Dubuque) using a magnetic
stirrer. The pH of the solution was adjusted to 12 by adding 0.6 mL

Schematic illustration of the synthesis and deposition of antibiotic-loaded HAp NPs.
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of ammonium hydroxide (25%, Baker Analyzeds, J. T. Baker)
and 17.4 mL of water. For Gs-HAp NPs, 10 mg mL 1 of Gs
(Bio-Reagent, Sigma-Aldrich) was added. For the Cip-loaded
HAp NPs, 10 mg mL 1 of Cip (498%, BDL) was added. 6.6 mL
of ammonium hydroxide was added in order to enhance the
Cip dissolution. 1.584 g of (NH4)2HPO4 (BioUltra Z99.0%,
Sigma) was dissolved in 30 mL of water while stirring. The
pH of the solution was adjusted to 12 by adding 15 mL of
concentrated ammonium hydroxide and another 19 mL of
deionized water. The Ca/P molar ratio in all the solutions was
1.667. The diammonium phosphate solution was slowly added
dropwise using a separatory funnel to the calcium nitrate
solution while vigorously stirring. The slow addition resulted
in a turbid suspension. The latter was boiled for 1 h. Then, the
suspension was cooled to room temperature and left until the
pH decreased to 7 (after ca. 3 days) as a result of ammonia
evaporation. Boiling for 1 h should not damage the antibacterial
activity of the antibiotics due to their high thermal stability.32
The precipitated NPs were washed with water and centrifuged at
10 000 rpm for 5 min. The HAp NPs loaded with antibiotics
precipitated and were collected and freeze-dried. The loaded
HAp NPs were characterized by X-ray diﬀraction (XRD, Bruker,
D9 Advance), X-ray photoelectron spectroscopy (XPS, Axis Ultra),
high-resolution scanning electron microscopy (XHR-SEM, FEI
Magellant 400L) combined with energy-dispersive X-ray spectroscopy (EDS), and high-resolution transmission scanning electron
microscopy (HR-TEM, Tecnai F20 G2). All the XRD results were
compared to the ICSD (Inorganic Crystal Structure Data) files.
2.2

Drug-loaded HAp NP suspension preparation

A Gs-HAp NP dispersion was prepared by adding 0.5% (w/w)
NPs to various organic solvents: ethanol, 2-propanol, and
n-butanol (all BEAKER ANALYIZEDs Reagent). Triethanolamine (TEOA, BEAKER ANALYIZEDs Reagent) was added as a
dispersing agent (4 mL L 1) to the alcohols to increase the
suspension stability. A Cip-HAp NP dispersion was prepared by
adding 0.25% (w/w) NPs to 2-propanol. A combined dispersion
of Gs-HAp and Cip-HAp was prepared by adding 0.25% w/w of
each of the NPs to 2-propanol followed by the addition of TEOA
(2 mL L 1). Stable nanoparticle dispersions were obtained
following sonication of 20 mL of solution for 20 min at 90%
amplitude, with a pulse rate of 1 s on, 1 s oﬀ, using a tipsonicator (Sonics, Vibra cell). The suspension stability was
examined by measuring the (zeta) z-potential and particle
distribution size (Zetasizer, Malvern ZS).
2.3

Titanium surface pretreatment

Ti (Grade 4) plates and Ti–6Al–4V rods were purchased from
Barmil Ltd. The surface area of the Ti plate was 1.08 cm2, and
that of the Ti–6Al–4V rod was 2.68 cm2. The Ti plates were
manually ground on Grit 600 grinding paper (Microcuts,
Buehler), rinsed in acetone, ethanol and water in an ultrasonic
bath (Elmasonic P, Elma) for 10 min, and etched in (30%)HF/
(65%)HNO3 (2 vol% and 20 vol%, respectively) for 1.5 min.
Commercial dental implants made of Ti–6Al–4V from SGS
Dental Implants (Schaan, Liechtenstein) were tested.
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2.4

Drug loading determination

The amount of drug loaded into the HAp NPs was determined
by a quantitative spectrophotometric method. Cip has maximum
absorption at 271 nm. A calibration curve was prepared by
measuring the absorbance at 271 nm of standard solutions of
Cip (2–20 mg mL 1) using a UV-Vis spectrophotometer (Evolution
201, Thermo Fisher Scientific).5,33 Gs has poor UV-Vis absorption, and therefore an indirect spectrophotometric method34 was
required, using fluorescamine (Z98%, Sigma) as a derivatizing
agent.35 The maximum absorbance of the chromophoric product
was determined at 391 nm. A calibration curve was formed
by measuring the absorbance of a series of Gs solutions
(0–80 mg mL 1) with a constant amount of fluorescamine. The
detection limit (DL) was calculated based on the calibration
graph according to ICH.36 Determination of the amount of either
Gs or Cip in the HAp NPs was accomplished by dissolving 10 mg
of the drug-loaded HAp NPs in 5 mL HCl (0.5 M) followed by
neutralization by 5 mL NaOH (0.5 M) and dilution with 40 mL of
water. The absorbance of 5 mL of the sample was measured
according to the maximum absorbance of the relevant drug, and
the concentration was calculated based on the calibration curve.
The loading percentage was evaluated by dividing the total drug
amount in the solution by the weight of the drug-loaded NPs.
2.5

Electrophoretic deposition

Coating of the various samples was achieved by EPD (Major
Science, Mini 300) in a conventional two-electrode cell. Pretreated
Ti (Grade 4) or Ti–6Al–4V was used as an anode, whereas stainless
steel 316L with the same dimensions was the cathode. The two
electrodes were placed parallel, the distance between them being
approximately 5 mm. For each experiment, a fresh 20 mL
dispersion (0.5% w/w Gs-HAp and 0.25% w/w Cip-HAp) was
used. A constant potential of 80 V for Gs-HAp and 40 V for
Cip-HAp were applied for 5 min. For co-deposition of Gs-HAp
(0.25% w/w) and Cip-HAp (0.25% w/w), a potential of 60 V was
applied for 5 min. After deposition, the samples were left to dry
under ambient conditions. The commercial dental implants
were used also as substrates. The weight gain was determined
by weighing the substrate before and after drying. The total
amount of drug in the coating was calculated based on the
loading percent of the drug in the NPs. The coated Ti substrates
were weighed before and after deposition using a microanalytical
balance (Mettler Toledo, XP26).
2.6

Coating characterization

The coated substrates were analyzed by XRD (2y = 10–601 at a
step size of 0.02 deg s 1). High-magnification images of the
coated surfaces were acquired by XHR-SEM and environmental
SEM (ESEM, FEI Quanta 200FEG). The thickness of the samples
was measured by a profilometer (P15, KLA-Tencor). Element
analysis was performed by EDS and XPS. Fourier transform
infrared (FTIR) spectra were recorded using a Bruker Vertex
70V. A deuterated triglycine sulfate (DTGS) detector was
used for the wavenumber spectra. The samples were scanned
128 times at 4 cm 1 resolution. The spectra were recorded
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between 500 and 5000 cm 1. The strength of adhesion of the
Cip-HAp and Gs-HAp coatings to the metal substrate was tested by
a standard tension test.37 Each test specimen was an assembly of
a coated sample and a matching uncoated sample with exactly the
same dimensions and surface pretreatment, which included grit
blasting by alumina powder (high purity white alumina powder
from Calbex Mineral Trading, Inc). The blasting machine was
model SandyPlus GD from Carlo DeGiordi. The blasting parameters were: a grit size of F200–F180 (59–68 mm), a pressure of
approximately 6 atm, and a working distance of 3 cm or higher.
The grit blast operation lasted until a dark grey shade evenly
covered the sample. The sample was then washed with DI water
and cleaned ultrasonically in acetone. The two parts of the
assembly were bonded together by a thin layer of a DP–420
Off-White 3Mt Scotch-Weldt Epoxy Adhesive, which was left to
cure at room temperature for 24 h while exposing each assembly
to a compression stress of 138 kPa (20 psi). The sample was held
by the grips of an MTS 20/M tensile machine. The tensile load was
applied at a constant cross-head velocity of 0.5 mm min 1. This
velocity, which is slightly lower than that recommended in ref. 38,
was found to be most suitable for the samples used in this study,
where both the cross-section and the thickness of the coating were
smaller than the values referred to in ref. 38. Three assemblies
were tensile tested. In addition to monitoring the maximum
applied load, the locus of failure was determined by inspecting
both parts of the assembly by means of ESEM-EDS. The calculation
of the drug wt% was conducted by microanalysis (Perkin-Elmer
2400 series II analyzer).
2.7

Drug release studies

The coated titanium substrates were immersed in phosphatebuﬀered saline (PBS, pH 7.4, Sigma) at 37  1 1C in a humidity
chamber (Memmert, HCP 108) for 25 days. Every 5 days the
solution was replaced by a fresh PBS solution, and the former
was spectrophotometrically analyzed. For each drug-loaded
HAp coating, the experiment was conducted in triplicate.
2.8

Bioactivity test

Simulated body fluid (SBF) was prepared according to a
previous procedure.39,40 The coated implant was soaked in
SBF solution at 37 1C for 4 weeks in a thermostatic bath
(Firstek, B300). Every 5 days the SBF solution was replaced by
a fresh one. The morphology of the implant was examined by
ESEM and XHR-SEM.
2.9

Antibacterial activity

Gs-HAp and Cip-HAp coatings were scraped from the titanium
substrates after EPD. The scraped coatings were introduced
into PBS solution and sonicated for 1 h in order to release the
antibiotics. Afterwards, the solutions were centrifuged for
10 min at 5000 rpm. The supernatants (20 mL) were dropped
into agar plates, which contained Pseudomonas aeruginosa
bacteria. The agar plates were incubated for 6 h at 37 1C. After
incubation, the inhibition zones were photographed and measured by a ruler. Each experiment was conducted three times.
Pure Gs and Cip solutions (100 mg mL 1 in PBS) were used as a
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positive control, and supernatants from scraped pristine HAp
coatings were used as a negative control.

3. Results and discussion
3.1

Preparation and characterization of drug-loaded HAp NPs

Drug-loaded HAp NPs were synthesized based on the precipitation reaction between calcium and phosphate ions under basic
conditions,41,42 where the antibiotics were introduced into the
calcium solution prior to its dropwise addition to the phosphate solution. The interaction between the calcium ions and
Gs has been reported in various systems.43–45 At the same time,
it is unclear what the nature of this interaction is.46 The Ca2+
ions are unlikely to electrostatically interact with Gs under the
experimental conditions, i.e. pH B 12, since the pKAGs = 10.18.
Moreover, it has been reported that Gs does not chelate Ca+2
ions.47 On the other hand, Cip, which bears a carboxylic acid, is
expected to interact with calcium ions by forming a stable
complex.48,49 Therefore, the addition of Cip to the calcium
ion solution may enhance its loading into HAp NPs. The
addition of the antibiotics to the Ca2+ solution was followed
by the dropwise addition of phosphate, which resulted in the
formation of a precipitate that was cleaned and characterized.
Fig. 1 shows TEM images of the Gs-HAp and Cip-HAp
powders, which are made of NPs. It is evident that the addition
of the antibiotics can aﬀect the morphology of the NPs. Gs-HAp
NPs exhibit an elongated shape, whereas the Cip-HAp NPs have
a more round morphology. The average size based on TEM was
20  8 nm and 40  12 nm for Gs-HAp and Cip-HAp,
respectively. These results are somewhat diﬀerent from dynamic
light scattering (DLS) measurements of diluted dispersions,
where the average size for the Gs-HAp and Cip-HAp NPs was
150  40 and 370  35 nm, respectively. This might be related to
the high tendency of small NPs to aggregate in the solution. The
Cip-HAp aggregates are larger than the Gs-HAp aggregates,
which is in accordance with the size of the nanoparticles that
form the aggregates.
It can be seen that Gs-HAp NPs are similar to pristine HAp
NPs in terms of size and morphology, whereas Cip-HAp NPs
have diverse structures. As evidence, the SAED patterns of the
drug-loaded HAp NPs powder are shown in Fig. 1S (ESI†).
The SAED pattern of pristine HAp shows a typical diﬀraction
of polycrystalline materials, in which visible speckles are seen
in the ring. On the other hand, it is hard to distinguish spots
in the ring in the SAED patterns of Gs-HAp and Cip-HAp.
This implies that the crystal structure of both drug-loaded
HAp NPs has lower crystallinity compared with pristine HAp.
A comparison between the SAED of Gs-HAp and Cip-HAp shows
that Gs-HAp has higher crystallinity. The inner ring of Gs-HAp
is characterized by close spots, whereas in the outer ring, the
spots are clearly seen. The SAED of Cip-HAp has a more
amorphous nature, where there are no visible spots in the ring.
SEM images (Fig. 1) are in accordance with the TEM analysis.
The XPS and EDS element analyses (Table 1S, ESI†) were
conducted in order to determine the purity of the powder and
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Fig. 1 TEM (A–C) and SEM (D–F) of Gs-HAp, Cip-HAp and HAp, respectively, XRD (G) of pristine and drug-loaded HAp NPs, zeta potential (H.1), particle
size distribution (H.2), and digital photo (H.3) of Gs-HAp NP dispersions in different alcoholic solvents.

to verify the encapsulation of the antibiotic into the NPs. The
data for the pristine HAp NPs are also shown. The presence of
elements such as fluorine and nitrogen can ensure the loading
of the drugs. Both EDS and XPS confirm the presence of
antibiotics in the HAp NPs. The incorporation of Gs in the
HAp NPs is indicated by the presence of N and S, whereas the
presence of F and N is attributed to Cip. A detailed discussion
appears in Section 3.2.
EDS shows that the atomic Ca/P ratio for both Gs-HAp and
Cip-HAp is 1.53, which is somewhat lower than the 1.67 ratio
that is expected for HAp. This might imply that the incorporation of the antibiotics into HAp impairs the purity of the phase.
On the other hand, it should be noted that EDS analysis is not
recommended for unambiguous distinction between diﬀerent
CaP phases.50 XPS analysis yields a Ca/P ratio of 1.65 and
1.35 for Gs-HAp and Cip-HAp NPs, respectively, which is closer
to the expected Ca/P ratio (1.64) for the HAp NPs. On the other
hand, the low Ca/P ratio found for the Cip-HAp NPs may imply
that the incorporation of Cip during the precipitation of HAp
impairs its crystal structure, which is supported also by the
SEM and TEM images. At the same time, we conclude that
the incorporation of Gs into the HAp NPs did not interfere with
the formation of crystalline HAp, where the Ca/P ratio and
structure are similar to the HAp NPs. Hence, we speculate that
the structure of HAp NPs can be aﬀected depending on the
chemical structure of the antibiotic.

This journal is © The Royal Society of Chemistry 2017

XRD measurements were conducted to further verify the
phase of the powders and study the impact of antibiotics
addition on the crystallinity of the NPs. Fig. 1 shows the XRD
patterns of the Gs-HAp and Cip-HAp NPs powders. A comparison between the synthesized HAp and Gs-HAp NPs shows that
the incorporation of Gs to HAp does not significantly aﬀect the
crystal structure of the lattice. On the other hand, the addition
of Cip to the HAp NPs clearly results in a defective crystal
structure with substantially lower degree of crystallinity. The
calculated degree of crystallinity was 70, 64, and 31% for
pristine HAp, Gs-Hap and Cip-HAp, respectively.51 Thus, these
results are in complete agreement with the above XPS, EDS,
SEM and TEM findings. The diﬀerence in the crystallinity
between Gs-HAp and Cip-HAp may be related to the mechanism
by which the antibiotics interact with calcium and phosphate
ions. Gs is an aminoglycoside antibiotic rich in amine and
hydroxyl moieties, and therefore it might interact with the
–OH groups of HAp via hydrogen bonding or electrostatic
interactions. We assume that the hydrogen bonding between
the amines and hydroxyl moieties of Gs and the hydroxyl groups
of HAp have a minute effect on the crystal structure of HAp.
Indeed, it has been reported that the introduction of Gs during
HAp precipitation had no effect on its crystalline structure.52 Cip
belongs to the fluoroquinolone family, which is characterized by
a fluorine atom bound to the central ring system, and a
carboxylic residue. The most reasonable suggestion is that under
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Weight percentages of the antibiotics in the NPs

Gs-HAp NPs
Cip-HAp NPs

Spectrophotometric
(wt%)

Microanalysis
(wt%)

XPS (wt%)

12.5
12.8

10.0
11.1

10.5
12.2

basic conditions, the negatively charged carboxylic groups
associate with the calcium ions. Owing to the high concentration
of the drug in the solution (10 mg mL 1), the carboxylic group of
Cip is likely to interfere with the precipitation and formation of
crystalline HAp.53 It is important to mention that the exact
position of the drugs in the HAp NPs is not fully deduced.
The content of the drugs in the NPs was evaluated by
spectrophotometric analysis, XPS and microanalysis (Table 1)
in order to determine precisely the wt% of the drug in the NPs.
The loading percentage based on XPS and microanalysis
measurements was calculated based on the wt% of nitrogen
as compared with the theoretical one. Clearly, all the analyses
show good agreement. For Gs-HAp, there is a small deviation
between the spectrophotometric calculation and both the XPS
and microanalysis calculation. This may be a result of the
chemical reaction, which is the basis of the spectrophotometric
determination, and might increase the error.
It is very probable that the % of loading could have been
increased. We have not attempted to optimize it. It depends on
the initial concentration and obviously on the interactions
between the drugs and the matrix. Yet, what is important is
not only the % of loading but the % of release, as will be
discussed later.
3.2

Drug-loaded HAp dispersions

Low-molecular weight alcohols, such as methanol, ethanol,
2-propanol, and n-butanol, have been the most common solvents for the EPD of HAp NPs.54,55 TEOA has been reported as
an eﬃcient dispersant; therefore, it had been added in order to
increase the stability of the dispersions and the electrophoretic
mobility of the particles.56 Firstly, we tried to obtain stable
dispersions of the NPs in ethanol, 2-propanol, and n-butanol.
The z-potential and particle size distribution of Gs-HAp show
that n-butanol is the optimal solvent for dispersing these NPs
(Fig. 1). Clearly, the NPs possess positive charge in these
solvents. The maximum concentration of Gs-HAp NPs, where
a stable dispersion is still maintained, was 0.5% w/w. Based on
similar experiments, 2-propanol was selected for dispersing
Cip-HAp NPs without TEOA addition. The maximum concentration of Cip-HAp in the dispersion without further sedimentation was 0.25% w/w.
3.3

EPD and coating characterization

After stabilizing the drug-loaded NPs in an organic solvent,
we studied their EPD on Ti surfaces. Fig. 2 shows SEM images
(at diﬀerent magnifications) of the Gs-HAp and Cip-HAp NP
coatings. It can be seen that in both cases homogeneous
coatings in terms of morphology and composition are obtained.
Yet, there are some diﬀerences between the two layers.
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Specifically, the Cip-HAp NP coating has less cracks and is less
rough than Gs-HAp (Table 2). The diﬀerence is attributed to the
thickness of the coating. We found that applying the same
conditions (i.e. potential and time) resulted in substantially
thicker films of Cip-HA NPs. Yet, the adhesion of the Cip-HAp
NPs to the titanium was significantly worse than that of the
Gs-NPs (Table 2). Therefore, we had to apply less negative
potentials for the EPD of Cip-HAp, which yielded a 9.3 mm-thick
coating after 5 min, compared with a 24.7 mm-thick Gs-HAp NP
coating after the same deposition time. Hence, we attribute the
cracks formed in the Gs-HAp coating to its greater thickness. As
the coating becomes thicker, its tendency to form cracks is higher
due to mechanical stresses related to shrinkage of the coating
during drying.54
These results indicate that the EPD is strongly aﬀected by
the drugs loaded into the HAp NPs. This is most likely due to
the eﬀect of the adsorbed drug on the z-potential, which clearly
aﬀects the rate of deposition. It is also probable that the lower
crystallinity of Cip-HAp NPs influences the adhesion; however,
we have no proof for this.
XPS analysis of the coatings was conducted in order to
ensure the presence of drug (Table 2S, ESI†). The detection of
fluorine as well as nitrogen unambiguously indicates that each
coating contains its relevant antibiotics. A comparison between
the XPS analyses of drug-loaded HAp NPs before and after EPD
(Table 1S, ESI†) shows that the element ratios in the coatings
are similar, indicating that the drugs were not eluted during the
EPD process. The total antibiotic amount in the coating was
calculated by dissolving the coatings with HCl (0.5 M) and
determining the released drugs by spectrophotometry. The
total amount of Gs and Cip in the coatings was 360  13 and
101  8 mg cm 2, respectively. Recalling that the mass of the
coating was 7.7 and 2.1 mg for Gs-HAp and Cip-HAp, respectively (Table 1), and taking into account the area that was
coated (2.68 cm2), we get that the wt% of Gs and Cip is
12.5% and 12.9%, respectively. These values are similar to the
wt% reported above (namely, 12.5% and 12.8%, respectively)
for the NPs before coating. The total drug loading calculation
by XPS reveals similar percentages compared with the NPs, i.e.
9.5% and 13.2% for Gs-HAp and Cip-HAp coatings, respectively.
Fig. 2 shows the XRD patterns of Gs-HAp and Cip-HAp
coatings on titanium. The four intense peaks are related to
the titanium substrate (ICSF-PDF2 file 04-002-2539). While the
pattern of the Gs-HAp deposit shows the characteristic peaks of
HAp, the HAp reflections in the Cip-HAp coating are barley
observed. Poor crystallinity of Cip-HAp NPs and low thickness
of the deposit are the main reasons of this. Moreover, the
calculation for HAp-Cip shows a small average crystallite size of
ca. 63.1 Å, whereas the average crystallite size of HAp-Gs was
129.2 Å. The small crystallite size may also contribute to the
broadened spectrum according to the Scherrer equation.57
The FTIR spectrum (Fig. 2) shows the typical HAp peaks: PO43
vibration peaks at 565, 607, 962, 1026, 1078, and 1146 cm 1.58,59 In
addition, OH vibrations are observed at 630 and 3540 cm 1.
The spectrum of Cip-HAp exhibits diﬀerent patterns. The peak at
1272 cm 1 is attributed to the C–F vibration of Cip. The peak at
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Fig. 2 SEM (A–C) images at different magnifications of Gs-HAp, Cip-HAp, and GS-HAp + Cip-HAp NPs coatings, respectively. The dashed yellow lines
emphasize the co-deposition of Cip-HAp and Gs-HAp. XRD (D) of drug-loaded HAp NP coatings, and FTIR spectrum (E) of drug-loaded HAp NPs.

Table 2

Gs-Hap
Cip-Hap

Summary of selected properties of the two coatings

Thickness
(mm)

Roughness
(mm)

Adhesion
(MPa)

Deposit
weight (mg)

24.7  0.3
9.3  1.3

2.31  0.26
0.37  0.07

5.8  0.7
13.7  2.1

7.7  0.6
2.1  0.1

1627 cm 1 is attributed to carbonyl CQO stretching vibrations.
The peaks at 1584 and 1384 cm 1 are assigned to stretching
vibrations of COO .60–62 The small peaks at 1546 and 1638 cm 1
in the Gs-HAp spectrum may be associated with bending vibration
of primary amines, and the peaks between 2850 and 3000 are
related to CH2– stretching vibrations.63,64 In addition, in both
spectra (Gs and Cip-HAp), the characteristics peaks of HAp are
highly masked by the incorporation of the antibiotics by hydrogen
bonding to P–OH groups. The spectrum of the mixed coating
shows the incorporation of Cip. On the other hand, the determination of Gs in the coating is not conclusive.
One of the advantages of using pre-drug-loaded HAp NPs is
the possibility of incorporating several types of antibiotics
followed by their deposition in a single step. The integration
of a couple of drugs, such as Gs and Cip, can critically reduce
the risk of implant infections due to the wider spectrum of
antibacterial activity. In our research, we managed to disperse
both Gs-HAp and Cip-HAp in the same solution and deposit
them simultaneously to produce a drug-loaded coating with

This journal is © The Royal Society of Chemistry 2017

improved antimicrobial spectrum. Fig. 2 shows the drug-loaded
coating composed of Gs-HAp and Cip-HAp. It can be seen that
the coating is composed of both Gs-HAp and Cip-HAp NPs, as
the former has elongated morphology whereas the latter is
characterized by rounded morphology. XPS element analysis
(Table 3S, ESI†) was conducted to assure the presence of both
drugs. As mentioned before, the presence of F and N in the
coating can verify that indeed the deposition of both drugloaded HAp NPs was accomplished.
Spectrophotometric determination of the loading amounts
of each drug in the coating has significant limitation due to
similar functional groups, such as primary and secondary
amines. Hence, the calculation of each drug was based on
XPS analysis. Cip was determined by the F wt%, whereas Gs by
the N wt% after reducing the relative percent related to Cip. The
calculated wt% of Cip and Gs in the mixed coating was ca. 8%
and 4.4%, respectively.
3.4

Drug-release studies

Fig. 3 shows the kinetics of release of the antibiotics in vitro,
i.e., the total drug amount released and the cumulative release
percentage as a function of time per measurement. The data are
average of triplicates. The detection limit for Gs and Cip was
4.97 and 0.13 mg mL 1, respectively. An initial burst in the first
day can be seen in both the profiles, which is followed by a slow
release. For the Cip-HAp coating, the release of the drug ceases
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Fig. 3
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Release profile of Gs-HAp (solid) and Cip-HAp (dashed). (A) Total drug amount, (B) cumulative release percentage.

after 10 day, as ca. 80% of the deposited drug is eluted to the
aqueous solution. In contrast, Gs is continuously eluted from
the coating for 25 days. However, only ca. 30% of the total
loaded drug is released. This might be attributed to the thickness
of the coating. The latter is smaller for Cip-HAp as compared with
the Gs-HAp coating, which results in greater penetration of water
into the coating and increase in drug dissolution. The thicker
coating for Gs-HAp presumably aﬀects also the total lower percentage of drug that is released. Yet, the remaining drug inside
the coating may be eluted in vivo during the regeneration of
ingrowing bone tissue towards the implant.
In order to assess the eﬀect of the coating on the release, we
examined also the release of the drugs from the antibioticloaded HAp NPs dispersed in the same buﬀer as above.
Specifically, 10 mg of Gs-HAp and Cip-HAp NPs were stirred
in PBS at pH 7.4. After 2 hours, the solution was centrifuged,
and 1 mL of the supernatant was analyzed spectrophotometrically.
We found that approximately 94% of the drug was released during
the first two hours. After 4 hours, the rest of the drug was eluted.
This clearly shows that the diﬀerence between the release profiles
of the Gs-HAp NP and Cip-HAp NP coatings is likely to be related
to the morphology and structure of the deposit; thicker layers
attain slower release of the encapsulated drug as compared with
thin coatings.
The SEM images (Fig. 2S, ESI†) of the drug-loaded HAp NP
coatings before and after 25 days of immersion in PBS reveal
interesting implications regarding the encapsulation of the
drugs inside the NPs. It can be seen that the morphology of
both Gs-HAp and Cip-HAp was changed. For both coatings, the
size of the deposited NPs shrank, especially for Cip-HAp, for
which the structure of the coating was significantly modified.
The round structure of Cip-HAp was transformed into needlelike particles. These results may imply that indeed the drugs
were encapsulated into the HAp NPs, and as a result of water
penetration the drugs were dissolved into the aqueous media,
which resulted in the particles shirking.
3.5

In vitro bioactivity test

The tendency of a coated substrate to stimulate bone regeneration
plays a significant role in the implantation success.40 HAp as the
main component of human bone promotes bone formation by
adsorbing minerals from the body fluids and enhances the
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biomineralization of the coated implant.18,39,40 The bioactivity
test was conducted on a commercial dental titanium implant.
Fig. 4 shows the SEM images of a titanium implant coated with
Gs-HAp before immersion in SBF for 4 weeks. Clearly, the
nanoparticulate coating is deposited very homogeneously on
the titanium implant, thus showing that complex geometries
of the substrate do not aﬀect the morphology of the coating.
Fig. 4 shows the SEM images of the coated substrate after 4
weeks of immersion in SBF at 37  1 1C. The bioactive nature of
the coated titanium shows a significant adsorbing property. The
precipitation of apatite crystals on the coated materials may
resemble the biomineralization in vivo. It has been reported that
the formation of an apatite layer in vitro by HAp suggests its
ability to strongly interact with living bone in vivo.65 Fig. 3S (ESI†)
shows SEM images of a Gs-HAp coated titanium implant and an
uncoated titanium implant after 4 weeks if immersion in SBF
solution. Clearly, biomineralization of the implant occurred only
in the coated implant indicating, the bioactive nature of the
drug-loaded coating. On the other hand, the morphology of the
uncoated implant remained the same, without any indication of
precipitation of inorganic materials.
Further insight on the biomineralization of the Gs-HAp coating
was gained from the EDS element analysis given in Table 1S
(ESI†). It is evident that the layer that grew on the coated implant
is primarily made of apatite, but contains also a low percentage of
other minerals.18 The presence of ions such as Na+, Mg+2, and Cl
clearly indicates the biomineralization of the implant in vitro.
The precipitation of these ions from the SBF solution towards
the implant is attributed to the positive (Ca+2) and the negative
(PO4 3 and OH ) sites on the HAp coating. The spontaneous
formation of an apatite layer on the HAp NP-based coating
containing antibiotics suggests that the presence of the drug
did not interfere with the formation of a new apatite layer. Thus,
the combination between HAp and antibiotics such as Gs and Cip
can guarantee superior osteoconductivity combined with antibacterial properties. This unique synergy has a crucial role in
determining the success of implantation by simultaneously
promoting bone formation and reducing the risk of infections.
3.6

Antibacterial activity

Evaluation of the antibacterial activity of the drug-loaded HAp
NP coatings is crucial due to the fact that non-trivial conditions
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Fig. 4 SEM images of a dental implant coated with Gs-HAp NPs; (A) before and (B–D) after 4 weeks of immersion in SBF at 37  1 1C.

(high pH, 1 h at boiling point and high voltage) were used in
order to synthesize and deposit the drug-loaded HAp NPs. The
antibacterial activity was performed against P. aeruginosa, a
common bacteria, which is associated with bone infections.2
Cip and Gs are well-known antibiotics that have eﬃcient
antimicrobial activity against Gram-negative bacteria such as
P. aeruginosa. The drug-loaded HAp NP coatings were scraped
from the titanium substrates and dispersed in PBS solution
under sonication in order to release the antibiotics from the
NPs. After centrifugation, the supernatants were tested against
the P. aeruginosa bacteria. Pristine HAp NP coatings were used

as a negative control in order to show that neither HAp nor
PBS has any antimicrobial activity. Pure Gs and Cip solutions
(100 mg mL 1 in PBS) were used as a positive control. Fig. 5
shows that the drug-loaded HAp NPs have eﬃcient antibacterial
activity compared with the positive control. These results confirmed
that both the synthesis and the EPD do not impair the antibacterial
properties of Cip and Gs. The average inhibition diameters of Cip
and Gs-HAp NPs were 2.11  0.07, 2.53  0.05 cm, respectively.
These results were similar to the positive control 2.26  0.08 and
2.73  0.1 cm for Gs and Cip solution, respectively. Hence, the
performance of Gs and Cip is not impaired by the synthesis and

Fig. 5 Summary of agar diﬀusion tests performed with P. aeruginosa bacteria. (A) Average and standard deviation of inhibition diameters of diﬀerent
diﬀusion tests. (B–F) Images of agar diffusion test of pristine HAp, Cip-HAp, Gs-HAp, pure Cip and pure Gs, respectively.
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EPD conditions, and therefore the antibiotics can be wellcombined with the HAp NPs to produce biocompatible coatings
with excellent antibacterial activity.

4. Conclusions
The drug-loaded HAp NPs were synthesized by a wet chemical
reaction, where Gs or Cip was introduced during the formation
of the HAp NPs. The loading percent of Gs and Cip determined
spectrophotometrically was ca. 12.5% and 12.8%, respectively.
XPS, XRD, and EDS confirmed the encapsulation of Gs and Cip
in the HAp NPs. Electrophoretic deposition was used for the
first time to coat titanium dental implants with the drug-loaded
HAp nanoparticles in a single, simple step. This approach
yielded a pure HAp coating with antibiotics without any additional
additives. Moreover, a wider-spectrum antibacterial coating was
obtained by depositing both Gs- and Cip-HAp simultaneously.
The coated implants showed release of Gs and Cip for up to 25
(25% release) and 10 (495% release) days, respectively, where
70% of the encapsulated Cip was released within the first
24 hours. The osteoconductivity of the method was tested by using
a commercial titanium dental implant. The coated implant showed
high bioactivity by enhancing the precipitation of ions from the
SBF solution, which resembles the in vitro biomineralization of
the implant. In vitro antibacterial tests proved that the synthesis
and deposition conditions did not deteriorate the antimicrobial
activity of the drug-loaded HAp NPs. Both Gs and Cip-HAp NP
coatings exhibited high eﬃciency in inhibiting the growth of
P. aeruginosa bacteria.
Our approach that is based on two major elements, the use
of nanoparticles as drug carriers and the formation of a film by
depositing nanomaterials, has several significant advantages.
Firstly, it enables complex geometries to be coated with HAp
and various drugs in a single step. Secondly, since the deposition is carried out at room temperature, the process is harmless
to the drugs. Finally, the nanoparticulate character of the
coating makes it a superior platform for controlling very well
the release of the drug also from inside the coating, and at the
same time has an excellent osteoconductivity eﬀect, presumably
due to the high surface area. We believe that this approach could
be further explored for other implants, drugs, and coatings.
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