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A B S T R A C T

To develop implants with long-term antibacterial property, hydroxyapatite (HA)-gentamicin sulfate (GS) com-
posite powder were synthesized and deposited onto titanium substrates by vacuum cold spraying at room
temperature. The successful fabrication of the HA-GS composite powder and coatings was confirmed by trans-
mission electron microscopy (TEM), field-emission scanning electron microscopy (FE-SEM), Fourier transform
infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) analysis, respectively. Gentamicin
release kinetics, antibacterial property and biocompatibility were systematically investigated in vitro. Results
indicate that we can effectively load the coating with antibiotic and the coating shows long-term antibacterial
capacity. Moreover, the HA-GS composite coatings displayed excellent biocompatibility. The approach in this
study provides an alternative to fabricate an efficient bioactive drug delivery system for biomedical applications.

1. Introduction

Bacteria-induced inflammatory reaction is one of the main factors
that result in the failure of implantation [1–3]. To prevent bacterial
infection, conventional methods including debridement, irrigation and
systemic antibiotics therapy treatment are generally used [4]. Never-
theless, bacterial infection develops in as many as 5–33% of implant
surgeries [5]. Local antibiotic therapy has become an effective way to
prevent infection owing to high local antibiotic concentration and
nontoxicity, providing sustained delivery of antibiotics right at the site
of implantation [6–8].

It is well known that gentamicin sulfate (GS) has strong anti-
bacterial effect towards both gram-positive and negative bacteria and a
number of strains of mycoplasma [9,10]. Thus, it is commonly used to
inhibit bacterial infection around the implant. To date, many platforms
including both organic and inorganic materials have been reported to
load drugs for local delivery of antibiotics, such as poly-
methylmethacrylate (PMMA) beads [11–13], polyethylene ter-
ephthalate [14], polycaprolactone fiber [4], graphene nanosheets [15],
titania nanotubes [5,16,17], tricalcium phosphate [8,18] and hydro-
xyapatite [19]. Among them, hydroxyapatite (HA) has been widely
used in orthopedic applications, due to its similarity in chemistry to

human skeletal bones and teeth [20,21]. Traditionally, plasma spray
technology has been successfully utilized for HA coating construction in
clinical applications [22]. However, the processes of plasma spray
method which carried out at a very high temperature are not suitable
for fabrication of composite coatings loaded with temperature sensitive
drugs. In recent years, vacuum cold spraying (VCS) has been employed
to fabricate temperature sensitive nanostructured coatings owing to its
unique advantages of retaining the chemistry of the temperature sen-
sitive materials [23–26]. Nevertheless, to the best of our knowledge,
this is the first study that employs VCS to construct antibiotic loaded
composite coatings for antibacterial applications.

Herein, we report a new technical route for preparing hydro-
xyapatite-antibiotic composite coatings by VCS at room temperature for
local delivery of gentamicin. Microstructural and chemical composition
characterization of the powder and coatings were performed. The ki-
netics release of gentamicin from the coatings and its effect on
Escherichia coli (E. coli) adhesion were investigated. Furthermore, the
biocompatibility of the coatings was also evaluated in vitro.
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2. Experimental part

2.1. Sample preparation

HA powder in nanosizes was synthesized using a wet chemical ap-
proach as previously described [20]. Briefly, (NH4)2HPO4 (purchased
from Sinopharm Chemical Reagent Co., Ltd., China) was slowly dripped
into the Ca(NO3)2 4H2O solution, followed by adjustment of the pH to
11 using NH3·H2O. The solution was then mechanically stirred for 2 h to
complete reaction and settled overnight. The resulting slurry was
thoroughly washed with distilled water to remove ammonium hydro-
xide and freeze dried for 24 h. HA-gentamicin sulfate (GS, Sinopharm
Chemical Reagent Co., Ltd., China) composite powder were produced
by adding HA powder to the GS solution, followed by freeze drying.

Titanium alloy (Ti-6Al-4V) with the dimension of 10 × 10 × 1 mm
was used as the substrates. The VCS 2000 system (developed by Xi'an
Jiaotong University, China) was used to deposit the HA and the HA-GS
powder onto titanium substrates at room temperature according to
previous studies [21,25,26]. Helium was used as the carrier gas with a
flow rate of 5 L/min. The scanning speed was 10 mm/s and the spray
distance was 10 mm.

2.2. Sample characterization

Microstructure of the powder and the coatings were characterized
by transmission electron microscopy (TEM, FEI Tecnai F20, the
Netherlands) and field emission scanning electron microscopy (FESEM,
FEI Quanta FEG250, the Netherlands), respectively. The infrared
spectra of the powder and the coatings were obtained by Fourier
transform infrared spectroscopy (FTIR, Nicolet 6700, Thermo Fisher
Scientific, USA) with a resolution of 8 cm−1 and a scan number of 4 at a
spectral region ranging from 400 to 4000 cm−1. Chemical composition
of the powder and the coatings was detected using X-ray photoelectron
spectroscopy (XPS, AXIS ULTRA DLD, Japan).

2.3. Cumulative release of GS

In order to investigate the release of GS from the HA-GS coatings,
the samples were put in wells of a 6-well plate with 5 mL phosphate-
buffered saline (PBS, Sinopharm Chemical Reagent Co., Ltd., China)
and gently shaken at 37 °C. At predetermined time intervals of 1, 3, 7,
14, 21, 28 and 31 days, the GS contained PBS solution was collected
and fresh PBS was added to the wells. The GS contained PBS solution
was analyzed using a UV–vis spectrophotometer (Lambda 950, Perkin
Elmer, USA) at the wavelength of 248 nm.

2.4. Antibacterial assay

Gram-negative E. coli bacteria (ATCC25922), which have been
widely used for antibacterial assay [2,15,27–30], were used as a sim-
plified model to investigate the antibacterial effects of the samples.
Native titanium substrates were used as control. Bacteria were initially
cultured in LB media which was prepared by dissolving 5 g yeast ex-
tract, 10 g NaCl and 10 g peptone in 1000 mL deionized water. The

culture medium of nutrient agar was prepared by dissolving 33 g nu-
trient agar (Sinopharm Chemical Reagent Co., Ltd., China) in 1000 mL
deionized water. And all samples were firstly sterilized by UV irradiated
both sides for 120 min, respectively. For antibacterial rate assay [30],
the HA coatings, the HA-GS coatings and the HA-GS coatings after
immersed in PBS for 31 days (HA-GS(R) coating) were exposed to 40 μL
(106 cells/mL) bacteria suspension and incubated at 37 °C. E. coli ad-
hered on the samples were removed with 4 mL PBS by vigorous shaking
for 10 min. 100 μL of the E. coli suspension of each sample was then
spread onto nutrient agar plates and incubated at 37 °C for 24 h. The
number of colonies formed units (CFUs) was counted. The antibacterial
rate was calculated according to the equation: A = ×

−( ) 100%N N
N

0
0

,
where A is the antibacterial rate; N0 is the CFUs of the uncoated tita-
nium substrate; N is the CFUs of the coated titanium substrates.

2.5. Cell culture test

Attachment of the human osteoblast cells (HFOB 1.19 SV40 trans-
fected osteoblasts) on the coating samples was examined. All samples
were firstly sterilized by UV irradiated both sides overnight, respec-
tively. Osteoblasts were cultured in a α-minimum medium (α-MEM)
(SH30265.01B, HyClone, USA) supplemented with 10% heat-in-
activated fetal bovine serum, 100 U/mL penicillin and 100 μg/mL
streptomycin in an atmosphere of 100% humidity and 5% CO2 at 37 °C.
Osteoblasts were seeded onto the sterilized samples at an initial density
of 1 × 104 cells/mL in 12-well culture plates with 1.5 mL media in each
well. For SEM observation of osteoblasts adhesion on the surfaces of the
samples, the cells after incubated for 1 day and 3 days were fixed with
2.5% glutaraldehyde for 24 h, and dehydrated through the critical point
drying using 25%, 50%, 75%, 90%, and 100% ethanol solution. The
dehydrated samples were finally sputter-coated with gold for SEM ob-
servation. Native titanium substrates were used as control.

Fig. 1. TEM images of (a) the HA powder, (b) the GS powder and (c)
the HA-GS composite powder.

Fig. 2. FTIR spectra of the HA powder, the HA coating, the HA-GS powder and the HA-GS
coating.
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3. Results and discussion

3.1. Characterization of the prepared powder and coatings

To prepare the HA-GS composite powder, the synthesized HA
powder were dispersed in GS PBS solution and then dried. The
morphologies of untreated and GS treated HA nanoparticles are shown
in Fig. 1a and c, respectively. The TEM image of the synthesized HA
nanoparticles showed a rod-like shape with the size of ~20–100 nm in
length and ~10 nm in diameter (Fig. 1 a). Clear surface modification is
seen for the HA nanoparticles after the treatment with GS (Fig. 1 c).
FTIR analyses of the HA powder and coating, and the HA-GS powder
and coating are shown in Fig. 2. The peaks at 1093 cm−1, 1032 cm−1,
961 cm−1, 602 cm−1, 564 cm−1 and 472 cm−1 are attributed to the
stretching vibration of PO4

3−. The characteristic adsorption at
3572 cm−1 and 633 cm−1 are corresponding to OH− group of HA
powder [20]. The presence of GS were not observed in the FTIR spectra
of the HA-GS composite powder and coatings, which might be due to

the small quantity of GS in the composite powder and coatings or the
masking of low-intensity resonances of GS by the HA resonances. Si-
milar result was reported [31]. Nevertheless, it is worthwhile to note
that almost identical FTIR peaks are shown for the powder and corre-
sponding coatings (Fig. 2), suggesting unique advantages of excellent
control over the chemistry of the antibiotic-loaded nanocoatings offered
by the VCS.

To further confirm the successful introduction of GS into the HA-GS

Fig. 3. XPS spectra of the powder and the coatings (a), and high resolution XPS spectra of N1 s (b).

Table 1
XPS chemical compositions of the samples.

Samples O (at. %) N (at. %) Ca (at. %) C (at. %)

Ha powder 59.85 0 17.86 22.3
Ha coating 60.69 0 17.61 20.7
Ha-GS powder 57.46 1.03 17.11 24.4
Ha-GS coating 54.24 1.93 13.74 30.1

Fig. 4. FE-SEM images of (a) the HA coating and
(b) the HA-GS coating. (−1 is enlarged view of
selected area in −1, −3 is cross-sectional view
of the coating).

Fig. 5. Cumulative releases of GS from the HA-GS coating in vitro.
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composite powder and coatings, XPS analysis was performed. Fig. 3
shows the XPS spectra of the HA powder, the HA-GS powder, HA
coating and the HA-GS coating. The quantitative data acquired from the
XPS detection are listed in Table 1. XPS spectra of the HA powder and
the HA coating exhibit the peaks for elements O, Ca and C. For the HA-
GS powder and the HA-GS coating, an additional peak around 399 eV
for the N element was observed from high resolution XPS spectra (Fig. 3
b), which is derived from amino groups of GS molecules [32]. Although
the presence of the peak of N element is not clear in the high resolution
XPS spectra of the HA-GS composite powder and coating, the content of
N at 1.93% suggests the successful loading of GS into the coating
(Table 1). Since the experiments were carried out under air condition,
the high C content in the composite coating might result from atmo-
sphere CO2. Similar result was reported [31,33]. The result once again
confirms that the HA-GS coatings were successfully fabricated.

FESEM views from top surfaces of the coatings (Fig. 4) show similar
microstructural features with relatively rough topographical morphol-
ogies for the coatings with/without addition of GS. In addition, na-
nostructured HA particles which are similar to the starting rod-like HA
feedstock can be clearly seen on the surfaces of the coatings (Fig. 4 a-2
and b-2). The special hybrid structure comprising both microstructure
and nanostructure might play crucial roles in promoting protein inter-
action and cell responses [34]. It is noted that the morphologies could

be generally observed during the cold spray processing, owing to the
fact that cold sprayed coatings are composed of individual particles
accomplished by tamping effect [25]. The cross-sectional morphologies
of the coatings show a thickness of ~40 μm and suggest a dense
structure (Fig. 4 a-3 and b-3). This phenomenon could be explained by
the high speed impingement and plastic deformation of particles during
the VCS process, resulting in strong adhesion and cohesion [25].

3.2. Cumulative release of GS from the coatings and their antibacterial
properties

Long-term release of antibiotic from the coatings is essential for the
application of antibacterial biomaterials. The release of GS from the
HA-GS coatings in PBS solution was measured using UV–vis spectro-
photometer, as shown in Fig. 5. It is noted that the HA-GS coatings
facilitated long-term release of GS, even after the samples immersed in
PBS for 31 days.

In this study, the model gram-negative bacterium E. coli were used
to evaluate the antibacterial properties of the samples (Fig. 6). Titanium
substrates were used as controls. The antibacterial rate of the HA
coatings was around 19.6%. The antibacterial rate of the as-sprayed
HA-GS coatings was significantly improved to around 99%, mainly due
to the good antibacterial property of GS [9]. Although the antibacterial
rates of the HA-GS coatings after immersed in PBS for 31 days (the HA-
GS(R) coating) showed a slight decrease, favorable antibacterial prop-
erty was still observed, since the HA-GS coatings showed long-term
release of GS. Therefore, the results of both gentamicin measurement
and antibacterial test confirm that the gentamicin released was still
bioactive. This result implies that coating fabrication by VCS with an-
tibacterial agent-incorporated HA composite might open a new window
for producing antibacterial biomedical materials.

3.3. Biocompatibility of the coatings

Favorable biocompatibility is essentially required for potential ap-
plications of the HA-GS composite coatings. To examine the bio-
compatibility of the coatings, human osteoblasts were grown on dif-
ferent samples for 1 and 3 days and analyzed by SEM (Fig. 7). It was
found that cells showed a similar flattened and well spreading mor-
phology on the surfaces of the titanium substrates, the HA coating and
the HA-GS coating after culture for 1 day (Fig. 7 a-1, b-1 and c-1). The
average number of cells adhered to the HA coating was higher than

Fig. 6. Antibacterial rates of E. coli for the HA coating, the HA-GS coating and the HA-GS
coating (R) (the HA-GS coating after incubated in PBS for 31 days).

Fig. 7. FE-SEM micrographs of human osteo-
blasts cultured on the surfaces of (a) the Ti sub-
strate, (b) the HA coating, and (c) the HA-GS
coating for 1 day (−1) and 3 days (−2).
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those of the titanium substrates, suggesting better biocompatibility of
the HA coatings. Furthermore, the number and morphology of cells
cultured on the HA-GS coating was similar to those on the HA coating.
In addition, overall samples were fully covered by cells after cultured
for 3 days, indicating outstanding biocompatibility of the HA-GS
coating. Taken together, we have successfully deposited the HA-GS
composite coating onto titanium substrate that displayed a long-term
antibacterial property and excellent biocompatibility.

4. Conclusions

In this study, HA-GS composite coatings were constructed by VCS on
titanium substrates with the successful incorporation of GS.
Comprehensive characterization showed that the physical and chemical
characteristics of the as-synthesized composite powder were completely
retained in the as-deposited coatings. The GS-containing HA coating
was further confirmed to show a long-term antibacterial property and
favorable biocompatibility. The construction of the novel HA-GS com-
posite antibacterial coatings by the VCS approach might facilitate the
development of long-term drug-releasing coatings for medical implants
with exceptional properties in the future.
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