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Abstract: This study develops, for the first time, composite coatings based on silver and zinc doped
hydroxyapatite in chitosan matrix (AgZnHApCs). The AgZnHApCs composite coatings were
prepared by dip coating method. The hydroxyapatite (HAp), biocompatible material for regenerating
and strengthening damaged bones were doped with silver and zinc ions and coated with chitosan
in order to produce a uniform and homogenous coating with biocompatibility and antimicrobial
properties. The stability of AgZnHApCs suspensions was evaluated by ultrasound measurements.
The value of stability parameters of AgZnHApCs suspension is in good agreement with the value of
bidistilled water used as reference fluid. Homogeneously dispersed solutions of AgZnHApCs were
synthesized to endeavor to optimize the physico-chemical and biological characteristics of the coatings
obtained at room temperature. The AgZnHApCs composite suspension and coatings were analyzed
using various investigation techniques, such as X-ray diffraction (XRD), Fourier transformed infrared
spectroscopy (FTIR), MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-2H-tetrazolium bromide) assay
and antimicrobial studies. The optical spectroscopy, atomic force microscopy (AFM), metallographic
examination and X-ray photoelectron spectroscopy (XPS) on AgZnHApCs composite coatings were
also conducted. Cell culture and MTT assays demonstrate that AgZnHApCs composite suspension
and coatings have no negative effect on the cell viability and proliferation. The cell morphology was
not affected in presence of AgZnHApCs composite suspension and coatings. The antimicrobial assays
conducted against Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, and Candida albicans
ATCC 90029 microbial strains revealed that both the AgZnHApCs composite suspension and coatings
exhibited great antimicrobial properties.
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1. Introduction

The development of new materials with enhanced antimicrobial properties is one of the priority
research areas in the last years. An important property of these materials is represented by the
possibility of their use in the biomedical field [1]. Several studies reported in the literature have
shown on the one hand that the occurrence of infections leads to a significant increase in medication
costs (hospitalization), and on the other hand, it has been shown that the use of antibiotics before
surgery does not bring real benefit to patients; they can even lead (when misused) to the appearance
of antibiotic-resistant bacteria, these infections being much more difficult to treat [2]. One of the
most studied materials with application in various domain such as dentistry and implantology is
hydroxyapatite (HAp, Ca10(PO4)6(OH)2, Ca/P ratio of 1.67) [1,3].
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HAp is the major inorganic component of bone tissue and has a structure with a special affinity
that allows it to be substituted with various ions, such as: Zinc (Zn2+), Magnesium (Mg2+), Silver (Ag+),
carbonate (CO3

2−), etc. [2]. Therefore, once a substitution occurs, there is a significant change in the
physicochemical and biological properties of hydroxyapatite [4]. This behavior allows one to improve
the properties of HAp, including antibacterial ones, through substitutions [4–8]. Among the properties
of synthetic HAp we mention: excellent biocompatibility, good bioactivity, osteoconductivity, chemical
and crystallographic similarity with natural hydroxyapatite [1]. Due to the fact that hydroxyapatite
does not have antimicrobial properties, and yet it is used in various biomedical applications, one way
to improve these properties is to dope HAp with antimicrobial agents. Therefore, to make it suitable
to fight with antibiotic resistant bacteria, we chose to dope HAp with Ag+ and Zn2+ ions. Materials
based on HAp doped with Ag and/or zinc ions can be obtained by several methods, among which we
mention: hydrothermal method [2], microwave [9] wet-chemical method [1], sol-gel process [10,11],
co-precipitation [12–14], chemical solution deposition [5], etc.

Silver is one of the most used and studied antimicrobial agents due to its broad spectrum of action
and low toxicity at low concentrations [15,16]. Compared to Silver, Zinc is a chemical element that
is found naturally in bone tissue and is essential for biological processes such as: enzyme activity,
DNA synthesis, mitosis, cell proliferation, etc. [5,9]. Recently, in their study, van Hengel et al. [4] have
shown that surfaces functionalized with zinc and silver ions exhibit antimicrobial activity, even against
bacterial strains of methicillin-resistant Staphylococcus aureus (MRSA). The use of metallic ions (Silver
and Zinc) as antimicrobial agents give to hydroxyapatite the ability to fight against gram-positive
(Staphylococcus aureus, Streptococcus mutans, Bacillus cereus) [1,7,17,18], gram-negative (Escherichia
coli, Aggregatibacter actinomycetemcomitans, Fusobacterium nucleatum) [7,10] bacterial strains and fungi
(Candida albicans) [1].

On the other hand, studies reported in the literature have shown that the antimicrobial properties
of compounds based on hydroxyapatite doped with silver or zinc ions are strongly dependent on the
concentration of antimicrobial agent in the samples [8,13]. Taking into account the aspects mentioned
above, the mechanism of antimicrobial action of both Ag and Zn compounds are not yet fully
understood [1,19]. Furthermore, a widely used material due to its remarkable biodegradability and
biocompatibility in recent years, mostly in dental applications, is chitosan. Chitosan is a biopolymer
isolated from shellfish, crab and shrimp which was reported as having antimicrobial properties and
antioxidant activity [20–22].

The aim of this study was to develop a novel AgZnHApCs composite with superior
biocompatibility and significant antibacterial activity. A mixture suspension of silver and zinc doped
hydroxyapatite and chitosan with a good stability was analyzed by ultrasound measurement and XRD,
FTIR, MTT and antimicrobial activity in order to be used in obtaining uniform and homogeneous
coatings that preserve the biological properties of the suspension. The novel AgZnHApCs composite
coatings obtained were evaluated by XRD, FTIR, optical spectroscopy, atomic force microscopy (AFM),
metallographic examination, XPS, MTT and antimicrobial activity.

2. Materials and Methods

2.1. Materials

The reagents used in the synthesis of the materials such as chitosan (Cs) powder (low molecular
weight, 75–85% deacetylated), calcium nitrate tetrahydrate, zinc nitrate hexahydrate, silver nitrate,
ammonium hydrogen phosphate, ethanol absolute and acetic acid were purchased from Sigma Aldrich,
St. Louis, MO, USA, and all were of analytical grade. The double distilled water and deionized water
were also used in the experiment.
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2.2. Silver and Zinc Doped Hydroxyapatite in Chitosan Matrix (AgZnHApCs)

The synthesis of silver- and zinc-doped hydroxyapatite in chitosan matrix with xAg = 0.1 and
xZn = 0.1 was effectuated using an adapted coprecipitation method [23] with (Ca + Ag + Zn)/P was
fixed to 1.67 [24,25]. In the first step, 0.1 g of chitosan (Cs) was added to 100 mL deionized water
containing 1% and stirred until a clear solution is obtained (about 2 h). In the second step, (NH4)2HPO4

was dissolved in 50 mL ethanol and added in 100 mL chitosan solution and stirred for 2 h at 40 ◦C.
At the same time, Ca(NO3)2·4H2O, (AgNO3) and Zn(NO3)2·6H2O were dissolved in ethanol and mixed
for 2 h at 40 ◦C. The solution containing Ca, Ag and Zn was added dropwise in the solution containing
P and Cs. The final solution was stirred for 2 h at 100 ◦C. The resulting solution of AgZnHApCs
was centrifuged and redispersed in solution of chitosan and stirred at room temperature for 4 h.
The resulting suspension was analyzed from a stability point of view and used to prepare the coatings.

2.3. Preparation of AgZnHApCs Coatings

The AgZnHApCs coatings were obtained using a dip coating method which was previously
described in [26]. AgZnHApCs coatings were deposited on the glass substrate. The obtained
AgZnHApCs layer was dried at 100 ◦C for 24 h.

2.4. Characterization Methods

Ultrasonic measurements were performed on 100 mL of concentrated suspension of 5Sm-HAp [6,27,28].
The digitalized ultrasonic signals were recorded on the digital oscilloscope at a very precise interval of 5.00 s.
In order to have an accurate evaluation of the stability of the 5Sm-HAp suspension, the double distilled water
(the most stable suspension) was chosen as the reference fluid, under the same experimental conditions.

The synthesized silver and zinc doped hydroxyapatite in chitosan matrix were characterized by
X-ray diffraction (XRD, Bruker D8 Advance diffractometer, Bruker, Billerica, MA, USA, CuKα radiation)
technique in the range of 2θ values from 10–60◦ at a step of 0.02◦ and 34 s measuring time per step.

The molecular structure of the samples was also studied by FTIR-ATR spectroscopy in the
400–4000 cm−1 spectral range using a Perkin Elmer instrument (Waltham, MS, USA).

The X-ray photoelectron spectroscopy measurements (XPS) were recorded with a multimethod
SPECS surface analysis system, as previously described in [29,30].

Furthermore, the surface morphology of the coatings was investigated by atomic force microscopy
(AFM) with the aid of an NT-MDT NTEGRA Probe Nano Laboratory instrument (NT-MDT, Moscow,
Russia), as previously reported in [31]. The data analysis of the 2D surface topographies, as well as the
3D representation of the AFM images, were performed with the aid of Gwyddion 2.55 software [32]

In addition, the morphology of the surface coatings was studied by optical and metallographic
microscopy as previously described in [33]. The image processing of the recorded data was performed
using Image J software (ImageJ 1.51j8, National Institutes of Health, Bethesda, MD, USA) [32].

The cytotoxicity of the AgZnHApCs suspensions and coatings was assessed by MTT
(3-4,5-dimethylthiazol 2,5-diphenyltetrazolium bromide) assay, in agreement with previous studies [34].
For this purpose, human fetal osteoblasts (hFOB 1.19) from the American Type Culture Collection
(ATCC) were used. The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM), enriched
using L-glutamine (2.5 mM), sodium pyruvate (0.5 mM), non-essential amino acids (0.1 mM), baking
soda (1.2 g/L) and fetal bovine serum. Afterwards, the cultures were incubated in the atmosphere
with 5% CO2 at 37 ◦C. All subsequent passages were performed at confluence (approximately
2 × 106 cells/plate), on average at 5–6 days, the ratio being 1/3. After that, the cells were seeded
in a Petri dish, including in the control sample (Petri dish without sample), at a concentration of
3 × 106 cells/flask of 75 cm2. The cultures were incubated with the samples in the atmosphere with
5% CO2, at 37 ◦C, and after 1, 7 and 14 days, the cells are visualized under an inverted microscope
and pictures were taken in the visible (VIS) with a digital camera. For the quantitative cytotoxic assay,
the cells were treated with MTT solution [3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide]
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and incubate in an atmosphere with 5% CO2 at 37 ◦C and the optical density of formazane solubilized
at 595 nm using a TECAN spectrophotometer (Tecan GENios, Grödic, Germany) was quantified in
order to obtain the cell viability of the cells. The experiments were performed 4 times and the data
were presented as mean ± SD.

The antimicrobial properties of the AgZnHAp suspensions and coatings were studied
against reference microbial strains Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922,
and Candida albicans ATCC 90029. The antimicrobial assays were performed by preparing 0.5 McFarland
standard microbial cultures, as previously described in [35]. Afterwards, the AgZnHApCs suspensions
and coatings were exposed to 2 mL of microbial suspension of 5 × 106 CFU/mL (colony forming
units/mL) in phosphate-buffered saline (PBS) in a Petri dish and incubated for 24, 48 and 72 h.
As a positive control, a free microbial culture was assessed at the same time intervals. Afterwards,
the suspension was collected at different time intervals (24, 48 and 72 h) and incubated on LB agar
medium for 24 h at 37 ◦C. The number of CFU/mL was determined for each of the incubated samples
with the microbial suspensions. The experiments were performed 4 times and the data were presented
as mean ± SD. Statistical analysis was done using the ANOVA single factor test.

3. Results

The stability of AgZnHApCs suspension was evaluated by ultrasonic measurements performed
on 100 mL suspension. Ultrasonic waves propagate in liquids and di-phasic systems (e.g., suspensions),
bringing information about the medium in which these waves propagate. One advantage of this
method, compared to optical methods, is the possibility of characterizing opaque fluids. The frequencies
which are currently used are between 1 MHz and 50 MHz. The digitalized ultrasonic signals were
recorded using two pairs of coaxial ultrasonic transducers; one pair with a central frequency of 5 MHz
and the other pair with a central frequency of 25 MHz. The interval at which the ultrasonic signals
were recorded was 5.00 s. We consider a suspension to be stable if the amplitude of the overall signal
has a weak change of amplitude during the monitored sedimentation process. Of course, in pure water,
our reference is perfectly stable (zero variation of ultrasonic echo amplitude). We determine the slope
of the amplitude during the monitoring period, to determine a quantitative stability parameter, defined
in the manuscript. A short echo comprises several superposed signals of different frequencies, as the
Fourier series can provide. We determine the variation of amplitudes for a number of frequencies also,
during the monitoring period. The evolution of the signals in time gives us important information
about the stability of the suspension and the attenuation vs. time. The value of the stability parameter
s = 1

Am

∣∣∣ dA
dt

∣∣∣ calculated for the AgZnHApCs suspension had the value 1.77 × 10−5 s−1 using a pair of
coaxial ultrasonic transductors, both of central frequency of 5 MHz and 6.2 × 10−7 s−1 using a pair
of coaxial ultrasonic transductors, both of central frequency of 25 MHz. The values obtained for the
stability parameter indicated a very good stability. Another characteristic regarding the stability of
AgZnHApCs suspension is the frequency spectrum of the first transmitted echo (Figure 1). Using
transducers of 5 MHz central frequency, the peaks of amplitudes at 4 MHz, for the reference fluid,
are also peaks for the measured signals. More relevant information is represented by the spectral
amplitudes’ variation during the experiment (Figure 1a). From the Fourier spectrum, were selected
frequencies 2–8 MHz (Figure 1a). On (Figure 1b) is presented the frequency spectrum for the 10–40 MHz
range using transducers of 25 MHz central frequency. The behavior of the measured signals is similar to
that of the reference fluid. The peaks of amplitudes at 11.5 and 23 MHz, for the reference fluid, are also
peaks for the measured signals (Figure 1b). For AgZnHApCs suspension, the typical decreasing values
with increasing frequency components were obtained (Figure 2). Based on the 30 mm distance between
the coaxial transducers, the attenuation vs. frequency in nepper/m can be obtained, averaged over
the 5000 s recording period (Figure 2). Compared to distilled water, the ultrasonic signals attenuation
is larger in the tested AgZnHApCs suspension. The ultrasonic signals attenuation has classical,
continuously increasing values vs. frequency, over the selected frequency range. The experiments
were resumed using a pair of coaxial transducers of 25 MHz central frequency. The most relevant
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supplementary information was presented in Figure 2b. In intervals of 10–25 MHz, the absorbed energy
translates into signal attenuation, visible in the local peak at 20 MHz (Figure 2b). The other peak at
30 MHz, is obtained in a frequency interval of weak signals, and has to be verified in future experiments
centered at these higher frequencies. In the range of 25–40 MHz, the behavior of attenuation vs.
frequency for the first transmitted echo at 25 MHz central frequency for the AgZnHApCs suspension
has a behavior similar to that of bi-distilled water as a reference fluid (Figure 2b). Based on the results
obtained, we can say that the suspension is very stable. The information brought by analyzing the first
transmitted echo provides relevant information for a characterization from the ultrasonic point of view,
in terms of stability, overall and spectral attenuation.
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The XRD studies were conducted in order to evaluate the crystalline structure of biocomposites
suspension and coatings based on silver and zinc doped hydroxyapatite in chitosan matrix prepared
from the sol-gel process (Figure 3). XRD patterns on the powder obtained from the AgZnHApCs gel
are shown in Figure 3a. XRD pattern of the AgZnHApCs coatings (Figure 3b) and chitosan (Figure 3c)
and the standard pattern of the HAp (JCPDS card No.09-0432) and chitosan PDF-00-054-1952 are
also presented.

The XRD patterns of AgZnHApCs powder (Figure 3a) and coatings (Figure 3b) revealed the main
diffraction peaks identified at different 2θ values that were assigned to the position of the planes of
pure hexagonal HAp at (002), (211), (112), (300), (202), (310), (222), (213), (004), (323), in agreement with
JCPDScardNo.09-0432 [36]. In order to calculate the average size all, the peaks of the XRD pattern
were taken into account. The mean crystallite size was calculated using Scherrer’s formula

D = 0.9λ/β × cos θ. (1)

In the Scherrer’s formula, D represents the average crystallite size, β the peak broadening of
the diffraction line measured at half of its maximum intensity, λ the wavelength of X-rays, and θ the
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Bragg’s diffraction angle. The mean crystallite size of AgZnHApCs powders (Figure 3a) was found to
be 18 ± 2 nm, while the mean crystallite size of AgZnHApCs coatings (Figure 3b) was found to be
15 ± 3 nm.Coatings 2020, 10, x FOR PEER REVIEW 7 of 16 
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FTIR analysis revealed the presence of chitosan on the AgZnHApCs suspension and coating.
FTIR spectra of AgZnHApCs suspension, AgZnHApCs coating and Cs recorded over the range of
400–4000 cm−1 were presented in Figure 4. The spectra of AgZnHApCs suspension and AgZnHApCs
coating exhibit characteristic vibrational modes of HAp and chitosan, proving that the AgZnHAp
nanoparticles were successfully coated with chitosan. The two samples spectra (AgZnHApCs
suspension and AgZnHApCs coating) showed specific phosphate vibrational modes (ν4) at 571, 604
and 636 cm−1. The peaks at 571 and 604 cm−1 correspond to a triply degenerated bending mode of
the O–P–O band [34]. The peak at 636 cm−1 was also assigned to the hydroxyl group deformation
mode [36]. According to previous studies [36,37], the peak at 632 cm−1 is considered to be overlapped
with an asymmetric P–O stretching vibration of PO4

3−. The bands at around 1088 and 1047 cm−1

in the region 900-1200 cm−1 were attributed to the C–O–P stretching and phosphorylated hydroxyl
group, while the peaks at around 473 and 998 cm−1 may be assigned for P–OH groups. The bands
assigned to P–O, P=O stretching of phosphate group can be observed at around 1100 to 1250 cm−1 in
the region 900–1200 cm−1. According to previous studies on the interactions of calcium phosphates
with chitosan [38,39], the peaks in the region 1300–1450 cm−1 can be attributed to a combination of
CN–NH, CH2–OH and CH3 bands. The band from 1422 cm−1 can be assigned to the bending CH
vibrations, while the peak from 1076 cm−1 in the region 1008–1150 cm−1 can be assigned to groups
C–O–C. The absorption bands at 1315, 1372 and 1407 cm−1 were assigned to the carbonate bands of
acetic acid which were not observed in the spectra. On the other hand, the presence of carbonate bands
of acetic acid should be avoided for biocompatible applications [38,39]. The peak at 1642 cm−1 can be
assigned to the N–H from chitosan. The AgZnHApCs in suspension and AgZnHAp coating showed
typical bands characteristic to HAp and chitosan, as can be exhibited in Figure 4b,c.

The morphology of the AgZnHApCs coating’s surface was studied by AFM analysis. The 2D AFM
topography of the AgZnHApCs coating’s surface is presented in Figure 5a and the 3D representation of
the surface morphology of AgZnHApCs coating is depicted in Figure 5b. The 2D AFM micrograph and
the 3D representation of the AgZnHApCs coating’s surface highlighted that the AgZnHApCs coating’s
surface exhibited the morphology of a uniformly deposited layer. In addition, the AFM topography
also suggested that the surface of the coating does not present any cracks or fissures and is composed
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of equally distributed nanoaggregates. The AFM results emphasized that the surface topography of
the AgZnHApCs coating was homogenous, having a roughness (RRMS) value of 43.1125 nm.
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Moreover, the surface morphology of the AgZnHApCs coating was also studied by optical and
metallographic microscopy. The 2D images with the optical and metallographic microscope were
acquired using the 10× objective. The results are presented in Figures 6a and 7a. The optical images
of the surface of the AgZnHApCs coating emphasized that the coatings deposited on glass substrate
are homogenous and uniform, having no visible discontinuities, fissures or irregularities. In addition,
the 3D representation of the optical image of AgZnHApCs coating’s surface obtained using ImageJ
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Complementary information regarding the morphology of the AgZnHApCs coating deposited on
glass substrate was also obtained using a metallographic microscope. The 2D image of the AgZnHApCs
coating’s surface obtained with the 10x objective of the metallographic microscope is depicted in
Figure 7a. Similar to the optical microscopy studies, the metallographic investigations highlighted that
the surface of AgZnHApCs coating has an evenly homogenous morphology and do not exhibit any
fissures or cracks. Moreover, the 3D representation of the metallographic microscope 2D image of the
AgZnHApCs coating’s surface depicted in Figure 7b confirmed the results of the optical microscopy
studies, and revealed that the AgZnHApCs coatings are continuous, with no cracks or fissures.

The in vitro biocompatibility of the AgZnHApCs suspensions and coatings was assessed using
human fetal osteoblasts (hFOB 1.19) cells. For this purpose, the suspension and coatings were incubated
with the hFOB 1.19 cell suspension for different time intervals (1, 7 and 14 days) and their viability
was measured by MTT assay. The MTT results of the hFOB 1.19 cell viability are depicted in Figure 8.
The experiments were repeated four times and the data were presented as mean ± SD. Furthermore,
a t-test: paired two sample for means was used to perform the statistical analysis, and all the p
calculated values were p < 0.05. The results revealed that both investigated samples presented a cell
viability above 85% for all tested time intervals. Moreover, the results also highlighted that there
was no significant difference between the samples in the form of suspension and coatings. However,
a slight increase in cell viability was observed in the case of AgZnHApCs suspensions compared to
the AgZnHApCs coatings for all incubation periods. Moreover, the data also suggested that the cell
viability increased with the increase of the incubation time. The results showed that both samples
present very good biocompatible and bioactive properties. The results are in agreement with previous
studies performed to date, regarding the hydroxyapatite properties of facilitating the attachment and
growth of osteoblast cells due to its high hydrophilic property [40,41].

The morphology of the hFOB 1.19 cells incubated for 1, 7 and 14 days with the AgZnHApCs
suspensions and coatings was also assessed using an inverted microscope. The morphology of the
hFOB 1.19 cells treated with AgZnHApCs suspensions and coatings after 1, 7 and 14 days of incubation
are depicted in Figure 9. The images of the hFOB 1.19 cells incubated with AgZnHApCs suspensions
and coatings at different time intervals show the normal morphology of the hFOB 1.19 cells and
revealed that the suspensions and coatings did not induce any significant changes in the hFOB 1.19 cells.
These results are in agreement with the results of the quantitative MTT in vitro assay, and highlighted
that both AgZnHApCs suspensions and coatings have a good biocompatibility and are suitable for
being used in biomedical applications.

The antimicrobial activities of the AgZnHApCs suspensions and coatings were also assessed using
reference gram positive, gram negative and fungal microbial strains. The antimicrobial properties of
AgZnHApCs suspensions and coatings were assessed at three different time intervals of incubation
(24, 48 and 72 h) against S. aureus ATCC 25923, E. coli ATCC 25922, and C. albicans ATCC 9002,
by assessing the colony forming units (CFU) inhibition for each tested microbial strain. The results of
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the antimicrobial assay are presented in Figure 10. The antimicrobial assays were repeated four times
and the data were represented as mean ± SD. A free microbial suspension was also assessed and used
as positive control (C+) for all tested time intervals. The statistical analysis was done using the ANOVA
single factor algorithm and the calculated p-values were less than 0.0001 [42,43]. The data revealed that
the AgZnHApCs suspensions and coatings exhibited strong antimicrobial activity against all the tested
strains, even after 24 h of incubation. The CFU values were significantly reduced after 24 h of incubation
with the suspensions and coatings. The results of the antimicrobial assays also suggested that the
CFU inhibition was significant for all tested samples and that was correlated with the incubation time.
Moreover, the results revealed that the antimicrobial activity of the suspensions was greater than that
of the coatings for all tested microbial strains at all tested time intervals. In addition, a fungicidal effect
was noticed in the case of AgZnHApCs suspensions after 48 h and 72 h of exposure, and in the case of
AgZnHApCs coatings after 72 h of incubation. The results revealed by the antimicrobial assays are in
agreement with previously reported data from the literature regarding the antimicrobial properties of
silver and zinc ions [5–8,44–53]. Moreover, the results are in accordance with literature data reported
on the potential antimicrobial properties of materials and composite layers based on hydroxyapatite
enhanced with metal ions in polymeric matrix which possess antimicrobial activity. Furthermore,
the statistical analysis emphasized that the data supports that both AgZnHApCs suspensions and
coatings present antimicrobial activities on the tested microbial strains and that the AgZnHApCs
suspensions exhibited a greater antimicrobial activity than AgZnHApCs coatings.Coatings 2020, 10, x FOR PEER REVIEW 10 of 16 
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of four independent experiments. The data were statistically analyzed by using a t-Test: Paired Two
Sample for Means and p values, p ≤ 0.05, were accepted as statistically significant.

Despite the reported studies regarding the antimicrobial activity of metallic ions such as silver
and zinc, data regarding the synergies formed between the chemical components of composites based
on hydroxyapatite and metal ions in polymeric matrix are still limited. In this case, the antimicrobial
properties of the AgZnHApCs suspensions and coatings could be attributed both to their constituent
elements and to the synergies that appear in the composite. Therefore, the antimicrobial properties
obtained in our studies could be attributed both to the presence of the silver and zinc ions, as well as to
the synergy that formed between the zinc, silver and chitosan components with the hydroxyapatite
structure and with the glass substrate in the case of AgZnHApCs coatings. Moreover, our results also
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suggested that the nature of the sample, either suspension or coating, has an important role in their
biological activity. Both the cytotoxic assay and the antimicrobial assay revealed that the biological
properties of the AgZnHApCs suspensions were better than the ones of the AgZnHApCs coatings.Coatings 2020, 10, x FOR PEER REVIEW 11 of 16 

 

 
Figure 9. The morphology of the hFOB 1.19 cells incubated with AgZnHApCs suspensions and 
coatings after 1, 7 and 14 days. 

The antimicrobial activities of the AgZnHApCs suspensions and coatings were also assessed 
using reference gram positive, gram negative and fungal microbial strains. The antimicrobial 
properties of AgZnHApCs suspensions and coatings were assessed at three different time intervals 
of incubation (24, 48 and 72 h) against S. aureus ATCC 25923, E. coli ATCC 25922, and C. albicans 
ATCC 9002, by assessing the colony forming units (CFU) inhibition for each tested microbial strain. 
The results of the antimicrobial assay are presented in Figure 10. The antimicrobial assays were 
repeated four times and the data were represented as mean ± SD. A free microbial suspension was 
also assessed and used as positive control (C+) for all tested time intervals. The statistical analysis 
was done using the ANOVA single factor algorithm and the calculated p-values were less than 0.0001 
[42,43]. The data revealed that the AgZnHApCs suspensions and coatings exhibited strong 
antimicrobial activity against all the tested strains, even after 24 h of incubation. The CFU values were 
significantly reduced after 24 h of incubation with the suspensions and coatings. The results of the 
antimicrobial assays also suggested that the CFU inhibition was significant for all tested samples and 
that was correlated with the incubation time. Moreover, the results revealed that the antimicrobial 
activity of the suspensions was greater than that of the coatings for all tested microbial strains at all 
tested time intervals. In addition, a fungicidal effect was noticed in the case of AgZnHApCs 
suspensions after 48 h and 72 h of exposure, and in the case of AgZnHApCs coatings after 72 h of 
incubation. The results revealed by the antimicrobial assays are in agreement with previously 
reported data from the literature regarding the antimicrobial properties of silver and zinc ions [5–

Figure 9. The morphology of the hFOB 1.19 cells incubated with AgZnHApCs suspensions and coatings
after 1, 7 and 14 days.



Coatings 2020, 10, 905 12 of 15

Coatings 2020, 10, x FOR PEER REVIEW 12 of 16 

 

8,44–53]. Moreover, the results are in accordance with literature data reported on the potential 
antimicrobial properties of materials and composite layers based on hydroxyapatite enhanced with 
metal ions in polymeric matrix which possess antimicrobial activity. Furthermore, the statistical 
analysis emphasized that the data supports that both AgZnHApCs suspensions and coatings present 
antimicrobial activities on the tested microbial strains and that the AgZnHApCs suspensions 
exhibited a greater antimicrobial activity than AgZnHApCs coatings. 

 
Figure 10. The graphical representation of the Log colony forming units (CFU)/mL of S. aureus ATCC 
25923, E. coli ATCC 25922, and C. albicans ATCC 9002 for different incubation times with AgZnHApCs 
suspensions and coatings. The results are presented as means ± standard error of the mean of 4 
independent experiments. The data was statistically analyzed by ANOVA Single Factor algorithm 
and the calculated p-values were less than 0.0001. 

Despite the reported studies regarding the antimicrobial activity of metallic ions such as silver 
and zinc, data regarding the synergies formed between the chemical components of composites based 
on hydroxyapatite and metal ions in polymeric matrix are still limited. In this case, the antimicrobial 
properties of the AgZnHApCs suspensions and coatings could be attributed both to their constituent 
elements and to the synergies that appear in the composite. Therefore, the antimicrobial properties 
obtained in our studies could be attributed both to the presence of the silver and zinc ions, as well as 
to the synergy that formed between the zinc, silver and chitosan components with the hydroxyapatite 
structure and with the glass substrate in the case of AgZnHApCs coatings. Moreover, our results also 
suggested that the nature of the sample, either suspension or coating, has an important role in their 
biological activity. Both the cytotoxic assay and the antimicrobial assay revealed that the biological 
properties of the AgZnHApCs suspensions were better than the ones of the AgZnHApCs coatings. 

4. Conclusions 

A novel AgZnHApCs composite suspension with superior biocompatibility and significant 
antibacterial activity has been synthesized by an adapted coprecipitation method, in order to prepare 
the AgZnHApCs composite coatings by dip coating method. The FTIR and XRD evaluation showed 
the bonding interaction between silver and zinc doped hydroxyapatite and chitosan. The 
homogeneous dispersion and the stability of nanoparticles in the chitosan matrix have been 
evaluated. The morphology and homogeneity of the surface coatings were investigated by optical 
spectroscopy, AFM and metallographic examination and XPS. The use of chitosan provides a 
significant increasing of dispersion of nanoparticles. FTIR analysis revealed the chemical bond 

Figure 10. The graphical representation of the Log colony forming units (CFU)/mL of S. aureus ATCC
25923, E. coli ATCC 25922, and C. albicans ATCC 9002 for different incubation times with AgZnHApCs
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4 independent experiments. The data was statistically analyzed by ANOVA Single Factor algorithm
and the calculated p-values were less than 0.0001.

4. Conclusions

A novel AgZnHApCs composite suspension with superior biocompatibility and significant
antibacterial activity has been synthesized by an adapted coprecipitation method, in order to prepare
the AgZnHApCs composite coatings by dip coating method. The FTIR and XRD evaluation showed the
bonding interaction between silver and zinc doped hydroxyapatite and chitosan. The homogeneous
dispersion and the stability of nanoparticles in the chitosan matrix have been evaluated. The morphology
and homogeneity of the surface coatings were investigated by optical spectroscopy, AFM and
metallographic examination and XPS. The use of chitosan provides a significant increasing of dispersion
of nanoparticles. FTIR analysis revealed the chemical bond interaction between Ca ions and –OH groups
of HAp and a combination of CN–NH, CH2–OH and CH3 bands assigned of chitosan. MTT test confirms
that the AgZnHApCs suspension and coatings composite are cytocompatible. hFOB 1.19 cell culture
study proves that the AgZnHApCs suspension and coatings composite do not influence cell morphology
and proliferation. The antimicrobial assays conducted against Staphylococcus aureus ATCC 25923,
Escherichia coli ATCC 25922, and Candida albicans ATCC 90029 microbial strains revealed that both the
AgZnHApCs composite suspension and coatings exhibited great antimicrobial properties. In addition,
the results have emphasized that the suspension were more effective against the tested microbial strains.
The results of our studies suggest that the novel developed AgZnHApCs nanocomposite coatings
can be used in different fields, such as the surface modification of bone implants, and ameliorate the
osteoconductivity of bone regeneration.
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