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Quickly Manufactured, Drug Eluting, Calcium Phosphate
Composite Coating
Midhun Ben Thomas+,[a] Noah Metoki+,[a] Ori Geuli,[b] Orna Sharabani-Yosef,[c] Tal Zada,[b]
Meital Reches,[b] Daniel Mandler,*[b] and Noam Eliaz*[a]
Calcium phosphate (CaP) ceramics have been prevalently used
as coatings for implants because of their excellent osteoconductive and bioactive properties. Yet, bone regeneration
procedures might have complications such as bacterial infection, local inflammation, bone destruction, and impaired bone
healing. Here, we present a novel in situ electrodeposition of
CaP with chitosan nanoparticles containing antibiotics. The
deposition was shown to be fast and efficient. The deposited
layer of octacalcium phosphate (OCP) and monotite contained

a large amount of gentamicin, which was released gradually
over a period of 15 days. These phases may be beneficial for
bone growth, as OCP has higher solubility than the stoichiometric hydroxyapatite (HAp) and is commonly considered as a
precursor to HAp, while monotite has even faster resorbability.
In addition, both the cytotoxicity and biomineralization of the
coating were studied, and the coating was proven to be noncytotoxic and highly biomimetic.

Introduction

effective release and inhibition for the first 24 hours. Baro
et al.[13] mixed gentamicin with poly(lactic acid) (PLA) and CaP
paste to form a CaP powder containing antibiotics. They
pressed the powder onto implants surfaces, which resulted in
long release durations (up to 12 weeks). Stigter et al.[10]
incorporated a variety of antibiotics into biomimetically
prepared carbonated hydroxyapatite (HAp) coating using an
immersion technique. They showed that some antibiotics were
better incorporated, depending on their chemical structure
based on release studies. Moreover, they showed that the
release rate differed between the antibiotics, reaching only
one-day release for gentamicin.
Electrodeposition (ED) is an alternative technique.[3, 7, 8, 15–21] It
allows forming the coating at lower temperature, higher
degree of crystallinity, and control over the deposited
phases.[3, 16] A few publications have shown the combination of
electrodeposited CaP coating with antibacterial agents. For
example, Bir et al.[22] and Huang et al.[23] electrodeposited HAp
doped with antibacterial ions. The coating demonstrated
antimicrobial activity, with no adverse effect on osteoblast
cytotoxicity. Karthika et al.[24] developed a HAp/gelatin nanocomposite coating on titanium substrate. They showed that
the composite was antimicrobial. Moreover, cell proliferation
assay demonstrated the viability of fibroblast stem cells on the
coating. Fu et al.[25] demonstrated a dual step deposition,
whereby they first deposited HAp, and then streptomycin on
top of the coated layer. It was shown that the loading was
more substantial than physical adsorption of the drug. Moreover, they tested for cumulative release, and found that 80 % of
the drug was released during the first 24 hours.
ED preformed at low temperatures and sufficiently low
currents may also provide a possibility for in situ deposition,
which is not a viable possibility during plasma coating
prevalent today. Recently,[26] we have presented an in situ
method of CaP ED with gentamicin-loaded chitosan nano-

Coating of bone implants by calcium phosphate (CaP) ceramic
has many advantages.[1–3] Yet, these coatings do not necessarily
provide a solution to complications such as bacterial infection,
local inflammation, bone destruction, and impaired bone
healing.[4, 5] Therefore, introducing a drug into the coating is an
appealing option. The common method for coating with CaP
today is by plasma spraying.[6–8] The intense heat of this coating
process does not permit the introduction of a drug in the
course of deposition.[9]
During the past two decades, numerous studies demonstrated the incorporation of several antibiotics in various CaP
coating approaches.[10–14] For example, Luginbuehl et al.[12]
added tetracycline antibiotics into different polymer solutions
and sprayed them onto tricalcium phosphate (TCP) coated
surfaces. They showed cumulative release of antibiotics over an
extended period (up to 70 days). Radin et al.[14] loaded CaP
coatings with Vancomycin by immersion. This loading showed
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particles (NPs) at low potential ( 1.4 V vs. SCE) and different
temperatures, which yielded drug load of 12  42 wt.%. This
coating eluded gentamicin for two days. While this has been an
important step towards a good drug eluting coating, the
antibiotic release was too short. A local inhibition release profile
should exhibit a high initial burst in order to respond to the
elevated risk of infection post-surgery, yet, it must also follow a
sustained release for inhibiting the occurrence of latent
infection.[27] Moreover, the amount of antibiotic released was
40 % of the drug loaded, and the deposition time was relatively
long (2 h). This prolonged deposition time does not suit the
industry, and no mechanism was discussed for the partial
release. Another study reported[28] in situ deposition of CaP
with antibiotics, whereby deposited CaP loaded with gentamicin was formed electrochemically by applying a current density
of 20 mA/cm2 for 240 s. Further studies of this coating showed
antibacterial efficacy on different streptococcal strains, yet, no
release studies were performed.
Here, we present a substantial improvement of an electrochemically deposited CaP/gentamicin coating on Ti alloy. The
coating, made of CaP containing gentamicin-loaded chitosan
NPs, was formed galvanostatically at low currents (0.6 mA/cm2)
and within a shorter time (30 min). Subsequently, the antibiotic
was released over 15 days. Finally, both the cytotoxicity and
biomineralization of the coating were studied

Results and Discussion
The Advantage of Galvanostatic Co–deposition
The co-electrodeposition of CaP and chitosan-loaded gentamicin NPs has previously been examined.[26] In short, the substrate
is immersed in an ionic solution of calcium and phosphate ions
along with gentamicin/chitosan NPs. While applying the
current to the substrate a reduction reaction of water near the
surface of the substrate occurs, leading to a local elevation of
pH. This pH elevation leads to the deprotonation of the
phosphoric acid in solution which is then free to precipitate
with the calcium ions, as was previously explained by Eliaz
et al..[3, 7, 8, 15–21] The chemical reactions that may occur after
deprotonation include the precipitation of various CaP phases,
such as that of OCP, as described in equation 1:
4 ðCa2þ Þ þ 3 ðHPO4 2 Þ þ 2:5  H2 O ! OCP þ 2Hþ

ð1Þ

Moreover, the changes in pH also lead to the precipitation
of the gentamicin/chitosan NPs. It was previously noted by
Thomas et al. that the NPs have a diameter of 600 nm in pH <
5, and their zeta potential varies from 40 mV at pH < 5 to 10
mV at pH > 5.[26] ED takes advantage of the ability to elevate the
pH on the implant surface by reducing water, which causes the
irreversible deposition of the CaP/chitosan/gentamicin composite. The amount of gentamicin in the NPs was 69  3 wt. %.
ED was carried out under potentiostatic conditions, i. e. under
constant potential.[26] The pH on the surface depends on the
rate of water reduction. Therefore, to fix the pH on the surface
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and thus, better control deposition, galvanostatic conditions,
i. e. constant current, are favored.
The Microstructure, Chemical Composition and Thickness of
the Coating
Figure 1 A shows a SEM image of CaP/chitosan/gentamicin
coating carried out at 0.6 mA/cm2. The coating is fairly uniform,

Figure 1. ESEM image of the in situ electrodeposited CaP coating. A) Coating
surface morphology, B) Metallographic cross-section. The coating was
prepared by applying 0.6 mA/cm2 for 30 minutes.

and is characterized by granular morphology along with the
appearance of some cracks. Similar cracking was previously
reported to form during the chemical pretreatment of the Ti
alloy in NaOH.[8] The surface morphology is significantly different from that of CaP electrodeposits reported by Eliaz et al. at
different temperatures.[3, 7, 8, 16–20] This can be attributed to the
significant influence of many parameters, such as bath
composition, pH, applied potential (or current density), and
temperature (which were all altered here) on crystal growth
reactions and electrodeposit properties. Energy-dispersive X-ray
spectroscopy (EDS) data shows that the Ca/P ratio is 0.98  0.1,
indicating a low calcium content phase. Yet, it should be noted
that EDS analysis is often unreliable for analysis of CaP
coatings,[3, 15, 16] in contrast to advanced X-ray photoelectron
spectroscopy (XPS) and XRD analyses. EDS also reveals the
presence of sulfur and carbon in the coating. This indicates a
successful encapsulation of the NPs, which are composed of
chitosan, gentamicin, and dextran sulfate. The thickness of the
coating, shown in Figure 1B, was measured in the SEM on a
metallographic cross-section, and was ca. 2.4  1.0 mm.
Coating Phase Identification
Further XPS and XRD analyses were conducted as a means of
determining its phase content. XPS analysis (not shown here)
showed a Ca/P ratio of 1.11. Yet, the phase content could not
be determined unambiguously due to an abundance of oxygen
in the coating whose origin is chitosan and gentamicin. The
XRD pattern was thus examined for the CaP phases, as shown
in Figure 2. The reflections were assigned to monotite and OCP
phases, as well as to the titanium substrate (reflections
confirmed with JCPDS 04–003-557 for titanium, 13–0391 for
OCP, and 09–0080 for monotite). This is in agreement with EDS
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in situ preparation of CaP coating containing gentamicin is
presented with high amount of drug content.
Gentamicin Release Profile from the Coating
Cumulative release of gentamicin from the coated specimen
was tested for 45 days, and is presented in Figure 3. Gentamicin

Figure 2. XRD pattern showing dual-phase OCP and monotite coating
formed on Ti-6Al-4 V substrate.

and XPS results, and confirms that the coating is composed of
two CaP phases that are depleted in calcium compared to the
stoichiometric HAp. While HAp is the phase of CaP that is
closest to the inorganic bone composition, the formation of
monotite and OCP is well fitted with our goal- the release of
antibiotics into the body and initiation and bone building
adjacent to the surface. Compared to HAp which has very low
solubility (-log KSP = 116.8), OCP and especially monotite are
much more soluble (-log KSP = 6.90 for monotite and -log KSP =
96.6 for OCP).[1] The high solubility of monotite will allow a
faster dissolution of the coating, better releasing the encapsulated drug. Moreover, OCP is known as precursor phase for
HAp, having a similar crystallographic structure.[29] OCP also
exhibits desirable properties, such as osteoconductivity and
osteoinductivity that support bone regeneration, and is
approved by the US FDA for clinical use.[30]
The Amount of Gentamicin in the Coating
To determine the amount of gentamicin in the coating, it was
dissolved in HCl, and the amount of gentamicin in the solution
was measured. It was found that the solution contained 219
mg/mL, which translates into 82 mg/cm2 on the implant surface.
Furthermore, measuring the weight of the coating revealed
that 44 wt.% of it was gentamicin. The excess of gentamicin on
the surface as well as its weight percent are higher in
comparison with different loading systems reported in literature.[31–36] For example, Simon et al.[33] showed a mixture of CaP
and gentamicin powders, creating a cement that contained 2.5
wt.%. Gbureck et al.[34] showed a printed CaP with biodegradable polymer dipped in gentamicin solution and vacuumed.
The coating contained 5.7-71 mg/cm2 of gentamicin. All
surveyed literature except for two studies reported low loading
values of antibiotics[37, 38] Both Taha et al.[38] and Rajesh et al.[37]
first coated titanium substrate with HAp, and then dipped the
coated substrate in gentamicin solution, to achieve up to 800
mg/cm2 of the drug in the coating. Herein, for the first time, an
ChemistrySelect 2017, 2, 753 – 758

Figure 3. Gentamicin cumulative release profile over 45 days from an
electrochemically deposited coating of CaP with NPs pre-loaded with
gentamicin.

was released in an exponential manner, which means that the
rate decreases with time. Such release profile is typical of
diffusion-controlled systems.[39] A large burst was observed
during the first day of release, followed by a slower release
over the next fourteen days. A total of 59 % of the encapsulated
antibiotic was released during that time. The initial release of
gentamicin from the coating was relatively fast, mainly due to
its extremely hydrophilic nature. The rate of release decreases
with time since the drug has a progressively longer diffusion
path. The drug stopped eluting into solution after 15 days.
During the entire experiment, the amount released was above
the minimal inhibitory concentration (MIC) of the drug for S.
aureus and Pseudomonas aeruginosa, as reported before.[27, 39]
This prolonged release is significantly different from that
measured by Thomas et al.,[26] which could be attributed to the
difference in solubility of the CaP phases at near-physiological
conditions.[1]
The abrupt stop in drug release after fifteen days is
surprising, because the antibiotic is highly soluble. This can be
explained by one of the following: 1) There is a physical
diffusion barrier inside the coating; 2) The residual drug is
chemically bound, and cannot be released. To investigate the
underlying reason for the residual gentamicin in the coating, it
is essential to have a clear idea as to how the gentamicinloaded chitosan NPs are chemically structured. The synthesis of
the NPs involves first mixing the gentamicin with dextran
sulfate. Hence, the positively charged amino group of gentamicin is likely to associate with the negatively charged sulfate
(SO42) group of dextran sulfate, as shown before,[40] creating a
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gentamicin/dextran sulfate complex that is negatively charged.
The next step comprised the addition of chitosan, which is
positively charged, and binds to the excess of sulfate groups,
forming particles that are positively charged. Finally, the
addition of pentasodium tripolyphosphate hexahydrate (TPP),
according to a previous report,[40] determines the final particle
size and stability; however, its addition maintains the positively
charge of the NPs. This suggests that the gentamicin is
probably embedded deep inside these NPs. Indeed, we found
that no further release of gentamicin from the samples used in
the above experiments, namely, after releasing 60 % of the
drug, was detected after placing the samples in phosphatebuffered saline (PBS, pH = 9) for one week. As the pH > pKB of
chitosan, we speculate that the rest of the gentamicin was
physically bound inside the particles, and could not be released
upon deprotonation of the chitosan.[41] Following that, the
dissolution of the remaining coating in HCl was carried out,
and tested for gentamicin. The results showed that gentamicin
was released from the remaining coating. These tests suggest
that some of the drug remains physically encapsulated after 15
days of release. This encapsulation is beneficial at in vivo
conditions for a possible secondary drug release. In the human
body, the cells have enzymes such as chitosananse that
disintegrate the chitosan and may reveal the drug.[42]
Cytotoxicity
In vitro cytotoxicity tests were performed using hFOB osteoprogenitor human cells in order to demonstrate that the antibiotic
incorporation does not show cytotoxic attributes. Figure 4a

In–Vitro Biomineralization
Figure 5 shows the in situ coated sample after biomineralization assay (n = 3). The samples were immersed in concentrated

Figure 5. ESEM images (at different magnifications) of the in situ coated
sample after biomineralization assay. The biomineralization was tested in SBF
X5 for seven days (n = 3).

simulated body fluid (SBF) solution for seven days. Clearly, the
coating shows high bioactivity. The biomimetically deposited
layer was uniform, with heterogeneous distribution of granular
crystal agglomerations on the surface. The surface morphology
is vastly different from that seen in Figure 1, indicating a new
growth of CaP layer. EDS analysis showed high signals of
calcium and phosphate, indicating a thick coating. In addition,
the biomimetic coating contained chloride and sulfur on the
surface, confirming that dextran sulfate is still encapsulated in
the coating.
Bacterial inhibition assay

Figure 4. a) Fluorescence microscope image of DAPI-stained nucleus of
osteoprogenitor human cells on the co-deposited CaP surface. b) Cell count
histograms presenting mean and standard deviation (n = 3).

shows a fluorescence microscope image that illustrates the
abundance of cells on the gentamicin co-deposited samples
(n = 3). The cells are homogeneously distributed on the sample.
Figure 4b shows the cell count histogram, presenting mean
and standard deviation on two different substrates: CaP codeposited with gentamicin NPs and electrodeposited CaP
under similar conditions. It can be seen that the two histograms
are almost similar. Two tailed t-test showed no significant
difference between the two groups (P = 0.199), meaning that
the amount of cells growing on both substrates was similar.
This indicates that the antibiotic encapsulated in the coating
was not cytotoxic to the cells.
ChemistrySelect 2017, 2, 753 – 758

Samples were tested for antibacterial activity against Pseudomonas aeruginosa, which is the most frequent gram-negative
etiologic agent associated with infections of foreign body
implants, and is susceptible to gentamicin treatment.[43] The
samples were placed in PBS buffer for 5 days and left to elute
antibiotics. The resulting solution was then tested against the
bacteria. Additionally, as a positive control, drops of pure
gentamicin (200 mg/mL) were placed in the same manner on
the agar plates. A negative control was also examined in the
form of pure PBS solution, in order to demonstrate that the
buffer does not have antibacterial traits. Inhibition zones were
observed where the solutions were placed (Figure 6). On
substrates that were used as negative control, zones of
inhibition could not be detected. The average radius of
inhibition zones derived from the gentamicin release to the
buffer, was 0.7  0.4 cm. The average radius of inhibition zones
in the case of pure gentamicin was 0.95  0.04 cm. The difference in the size of the inhibition zone is probably due to the
difference in the gentamicin concentration. In addition, in the
case of gentamicin release from the substrate, there is a
dependence in various factors, such as temperature, diffusion
coefficient, etc. In the case of pure gentamicin, the zone of
inhibition will be repeated in different experiments. This is
probably also the reason for the difference in the standard
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Figure 6. a-c) Image of diffusion tests performed with Pseudomonas
aeruginosa (a) Pure gentamicin, (b) Gentamicin released to the solution, (c)
PBS buffer. d) Average and standard deviation of the inhibition zones of the
diffusion tests of the PBS solution surrounding the samples after 5 days, PBS
buffer as a negative control, and pure gentamicin solution as a positive
control (n = 10).

deviation. In the case of pure gentamicin the standard
deviation is small in contrast to the gentamicin release from
the substrates.

Conclusions
In this study, a galvanostatic in situ electrodeposition at low
currents (0.6 mA/cm2) of CaP with gentamicin-loaded chitosan
NPs is demonstrated. This co-deposition technique is a massive
improvement on the techniques present in the market today,
which are based on inserting the antibiotics after the CaP
coating, which is usually plasma sprayed. The deposited layer is
found to consist of human osteoblast cells, and biomineralization monotite and OCP phases, along with large amounts of
gentamicin. These phases may be beneficial for bone growth,
as OCP has higher solubility than the stoichiometric HAp and is
commonly considered as a precursor to HAp, while monotite
has even faster resorbability. Gentamicin was released for 15
days, which accounts for 59 % of the encapsulated drug.
Moreover, the coating is non-cytotoxic to the assay, supporting
its biocompatibility.
Supporting Information Summary
Supporting Information contains the Experimental Section.
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