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Abstract 

Electrophoretic deposition process (EPD) was successfully used for obtaining graphene (Gr) -

reinforced composite coating based on hydroxyapatite (HAP), chitosan (CS) and antibiotic gentamicin 

(Gent), from aqueous suspension. The deposition process was performed as a single step process at a 

constant voltage (5 V, deposition time 12 min) on pure titanium foils. The influence of graphene was 

examined through detailed physico-chemical and biological characterization. Fourier transform 

infrared spectroscopy, field emission scanning electron microscopy, thermogravimetric analysis, X-

ray diffraction, Raman and X-ray photoelectron analyses confirmed the formation of composite 

HAP/CS/Gr and HAP/CS/Gr/Gent coatings on Ti. Obtained coatings had porous, uniform, fracture-

free surfaces, suggesting strong interfacial interaction between HAP, CS and Gr. Large specific area 

of graphene enabled strong bonding with chitosan, acting as nanofiller throughout the polymer matrix. 

Gentamicin addition strongly improved the antibacterial activity of HAP/CS/Gr/Gent coating that was 

confirmed by antibacterial activity kinetics in suspension and agar diffusion testing, while results 

indicated more pronounced antibacterial effect against Staphylococcus aureus (bactericidal, viable 

cells number reduction >3 logarithmic units) compared to Escherichia coli (bacteriostatic, <3 

logarithmic units). MTT assay indicated low cytotoxicity (75 % cell viability) against MRC-5 and 

L929 (70 % cell viability) tested cell lines, indicating good biocompatibility of HAP/CS/Gr/Gent 

coating. Therefore, electrodeposited HAP/CS/Gr/Gent coating on Ti can be considered as a 

prospective material for bone tissue engineering as a hard tissue implant. 
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1. Introduction 

Titanium and its alloys are preferred biomaterials for hip, knee and joint replacements. Pure Ti is 

considered a reliable implant material that is inert in the body environment with a long-lasting 

feature.1,2 Although it possesses a lot of qualities, pure Ti cannot sufficiently induce osseointegration 

process causing ineffective bone ingrowths. However, the biocompatibility and bioactivity of Ti can 

be significantly improved by modifying its surface by various processes. For developing 

biocompatible composite films on the Ti surface, electrophoretic deposition process (EPD) is 

considered a favorable technique that allows formation of diverse composite materials.3,4 

An interesting choice for bone tissue regeneration coating material is hydroxyapatite (HAP), due to its 

biocompatibility and similarity with bone tissue.5 HAP is a bioactive ceramic material, characterized 

by high biocompatibility and ability to form a direct chemical bond with bone tissue.6 However, due 

to its brittleness and poor adhesion properties it is necessary to combine HAP with an adequate 

polymer to serve as a binder. The prospective solution represents the combination of biopolymer 

matrix and bioceramics, e.g. hydroxyapatite-based composite coatings with natural or synthetic 

polymers.7 The most commonly used natural polymers are collagen,8 gelatin,9 alginate10 and 

chitosan.9,11,12 Synthetic polymers that are most often used in bone tissue engineering are poly(lactide-

co-glycolide) (PLGA),13 polycaprolactone (PCL),14 poly(vinyl alcohol) (PVA),11 poly(glycolic acid) 

(PGA),15 poly(lactic acid) (PLA).16,17 Chitosan (CS) is intensively investigated in the field of tissue 

engineering due to its unique properties, such as biodegradability, biocompatibility, adhesiveness and 

intrinsic antibacterial properties.18,19 It is very important to point out that chitosan can mimic the 

structure of glycosaminoglycans in the bone extracellular matrix, contributing to the sponginess of the 

developed bone.20,21 Hydrophilic surface of CS improves cell adhesion, differentiation and 

proliferation, minimizing, at the same time, the body response upon implantation.22 In combination 

with HAP, chitosan contributes to improved mechanical, adhesion and antibacterial coating 
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properties, which is of particular importance for further application.23 Also, the possibility of applying 

bone tissue composite coatings as a carrier of anti-infection drugs at the implantation site, as well as 

growth factors that stimulate the osteoblasts activity is the subject of investigation.24  

Considering HAP brittleness, as well as low fracture toughness and poor tensile strength, graphene 

(Gr) inclusion in composite structures could improve mechanical, thermal and electrical properties of 

the composites, while good biocompatibility makes it a promising biomaterial.25,26 When used as 

reinforcement filler in composites with HAP and polymers, Gr could induce increased bone formation 

ability, increased specific area, smaller grain size and could elevate the negative surface charge 

attracting more calcium and forming bone-like layer,27 as well as good cytocompatibility.28 

Nowadays, there is a growing need for development of antibacterial drug-eluting coatings which will 

prevent biofilm occurrence and treat implant-associated infections.29 This type of coating should 

ensure the long-term drug action through controlled release of the drug at the implantation site 

overcoming the problems associated with bone infection occurrence. Locally administrated antibiotic 

has less susceptibility to promote antibiotic resistance achieving at the same time long-term antibiotic 

release with lower applied antibiotic doses.30 Antibiotic-loaded composites obtained by EPD 

technique have gained much attention in recent studies when vancomycin,31 tobramycin,32 

ciprofloxacin,4 ampicillin,33 tetracycline,34 levofloxacin,35 ibuprofen34 and gentamicin18 have been 

successfully included in composites aimed for controlled drug delivery. Depending on the nature of 

the infection or the inflammatory process, different types of antibiotics can be selected for treatment. 

One of the antibiotics that are often used to treat post-surgery osteomyelitis is gentamicin. 

Gentamicin, a water-soluble aminoglycoside antibiotic, is known to have very potent antibacterial 

activity for the treatment of wide range of infections, caused by both Gram-negative and Gram-

positive bacteria.18,36,37  
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The principal objective of the research was to obtain improved Gr-reinforced antibacterial composite 

HAP/CS coatings, with and without gentamicin, on Ti substrate using electrophoretic deposition 

technique from aqueous suspension since antibiotic-loaded coatings are intended for medical use. To 

our knowledge, based on previously published literature, this is the first time that the single step 

deposition from four-component HAP/CS/Gr/Gent aqueous suspension, with no additional treatment, 

was performed. 

 

2. Experimental  

2.1. Materials  

The following materials were all purchased from Sigma-Aldrich and used to assemble composite 

coatings on Ti surface: powders of HAP (particles < 200 nm), chitosan (medium molecular weight 

(190−310) kDa, degree of deacetylation 75−85 %), and gentamicin sulfate solution (50 mg/mL in 

dH2O). Pure graphene nanopowder (99.2 %) with average graphene nanoflakes thickness of 12 nm 

was purchased from Graphene Supermarket, USA. Before EPD, titanium plates (15 × 10 × 0.25 mm, 

99.7 %) were mechanically polished and ultrasonicated (15 min in acetone). Methanol, o-

phtalaldehyde, 2- mercaptoethanol, boric acid, sodium hydroxide, and 2-propanol (all purchased from 

Merck, Germany) were used for gentamicin derivatization procedure. The mobile phase consisted of 

sodium octanesulfonate and glacial acetic acid (Merck, Germany). 

2.2. Electrophoretic deposition  

Aqueous suspensions containing 1 wt % HAP nanopowder, 0.05 wt % chitosan, 0.01 wt % graphene 

and 0.1 wt % gentamicin sulfate were used for EPD process in order to obtain HAP/CS/Gr and 

HAP/CS/Gr/Gent composite coatings, according to our previously published procedure.18 Suspensions 

pH value was adjusted to 4.4. Cataphoretic deposition was performed on pure Ti plate, serving as a 

working electrode (cathode), at constant voltage of 5 V for deposition time of 12 min. Two parallel 
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platinum plates were used as counter electrodes (anodes). After deposition was performed, coatings 

were dried at room temperature for 24 h, while the thicknesses were 3.0±1.5 μm and 3.2±0.9 μm for 

HAP/CS/Gr and for HAP/CS/Gr/Gent coating, respectively. 

2.3. Characterization  

The instrument LEO SUPRA 55 (Carl Zeiss AG, Germany) operating at 10 kV voltage acceleration 

was used for field-emission scanning electron microscopy (FE-SEM) equipped with In-Lens detector 

and combined SE-BSE mode was used. Fourier transform infrared spectroscopic studies (FTIR) were 

carried out on a machine Nicolet IS-50 (Thermo Fisher Scientific, USA) in ATR mode in the range of 

400−4000 cm−1 (4 cm−1 spectral resolution). X-ray photoelectron spectroscopy (XPS) spectra were 

recorded using a K Alpha System photoelectron spectroscope (Thermo Electron, USA), with 

monochromatic Al Kα X-ray (1486.6 eV) excitation source. The adventitious carbon peak maximum 

in the C 1s spectra was set as 284.8 eV. OriginPro 9 software was used for peak fitting, with previous 

Shirley-type background correction. Raman analysis was carried out by a Renishaw Invia (Renishaw 

plc, UK) Raman spectrophotometer (514-nm argon laser) with 10 % intensity of the total power and 

in the spectral range from 3500 to 100 cm−1. Thermogravimetric analysis (TGA) was performed by 

TGA Q5000 IR/SDT Q600 instrument (TA Instruments, USA), operating in 30-1000 °C range at a 

heating rate of 20 °C/min in inert atmosphere (N2, 50 mL/min). X-ray diffraction analysis (XRD) was 

performed by powder diffractometer Philips PW 1710 (Philips, Netherland) with Ni-filtered Cu Kα 

radiation (λ = 1.5418 Å). Diffraction intensity was recorded at room temperature, between 10−70°, 

0.05° step. For phase analysis, PowderCell software was used. Gentamicin content was estimated by 

HPLC chromatography using Dionex UltiMate 3000 HPLC system (Thermo Fisher Scientific, USA) 

with Chromolith RP-18 column (Merck, Germany). Gentamicin in the solution was derivatized prior 

to HPLC (ultraviolet (UV) detector) loading, as described in our previously published paper.18 Main 

gentamicin components were detected by UV detector at 330 nm.  
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2.4. Biological measurements 

2.4.1. Antibacterial activity and cytotoxicity 

HAP/CS/Gr and HAP/CS/Gr/Gent coatings presumed antibacterial activity was evaluated against 

Staphylococcus aureus TL (culture collection-FTM, University of Belgrade, Serbia) and Escherichia 

coli ATCC 25922, by agar diffusion method and quantitatively by monitoring changes in the viable 

number of bacterial cells in suspension. Both antibacterial assays were performed according to our 

previously published paper.18 

Cytotoxicity of HAP/CS/Gr and HAP/CS/Gr/Gent coatings against mice origin fibroblast cell line 

L929 (ATCC CRL-6364) and MRC-5 cell line (human origin fibroblasts) was determined by MTT 

test according to the FDA Biological Evaluation Guidance - International Standard ISO 10993-138 and  

experimental procedure reported in our previously published work.18  

 

 

3. Results 

In general, the main advantages of EPD technique are: (a) the ability to produce coatings on metal 

surfaces of complex shapes, (b) the cleanliness of the process without the use of potentially toxic 

chemicals, thus producing biocompatible materials that are safe for medical use, and (c) coating 

fabrication at room temperature, which is of particular importance for drug and biologically active 

molecules processing. Since the gentamicin is water-soluble, deposition of HAP/CS/Gr/Gent coating 

on titanium surface was performed from aqueous solution in a single step, i.e co-precipitation from a 

four-component aqueous suspension has occurred. This is a remarkable advantage over the data 

available so far in the literature relating to bioactive coatings deposited in several steps.39–41  

Due to the electrolysis of water, hydrogen and oxygen evolution occurs on the cathode and anode, 

respectively (Eqs. 1 and 3).  
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cathode:    2H2O + 2e– → H2 + 2OH–                (1) 

     CS–NH3
+ + OH– → CS–NH2 + H2O               (2) 

anode:       2H2O → 4H+ + O2 + 4e–                (3) 

Chitosan is soluble in aqueous solutions, at lower pH values (slightly acidified environment), due to 

the protonation of amine groups, e.g. CS-NH3
+.3,18,42 Protonated amine groups of the CS molecule in 

acidic media facilitate electrostatic interactions between individual CS chains, increasing the overall 

suspension stability. The deposition of insoluble chitosan CS-NH2 coating occurred due to CS-NH3
+ 

and OH- ions interaction on the cathode (Eq. 2) since OH- ions are being formed as a result of 

electrochemical water decomposition (Eq. 1). When HAP inorganic particles were added in slightly 

acidic solution, the protonation of HAP surface occurred. Special attention should be paid on to the 

addition of graphene, aimed to serve as reinforcement filler. Gr is known to form strong bond with 

chitosan matrix, as a consequence of its characteristic surface architecture, i.e. great number of p 

electrons in sp2 hybrid orbitals inducing the negative charge on the Gr sheet surface. Negatively 

charged surface of Gr could interact with protonated amino groups of chitosan, forming a stable 

suspension for the coating deposition process.43 On the other hand, Van der Waals interaction between 

graphene sheets and HAP, through the calcium ions, occurred as well.44,45 Therefore, all particles (CS, 

Gr and HAP) interact with each other, making well-dispersed suspension suitable for composite 

coating deposition. For HAP/CS/Gr coating loaded with gentamicin, positively charged Gent (due to 

the protonation of amino and hydroxyl groups41) migrated toward the cathode and formed a four-

component coating along with HAP, CS and Gr.  

3.1. FTIR analysis 

The characteristic FTIR spectral bands for HAP/CS/Gr and HAP/CS/Gr/Gent coatings in the region 

from 400 to 4000 cm-1 are represented in Figs. 1a and b, respectively. Specific spectral region 

deconvolutions are given for HAP/CS/Gr coating (Figs. 1c and d). The influence of antibiotic addition 
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on FTIR spectra was represented for HAP/CS/Gr and HAP/CS/Gr/Gent coatings (Figs. 1e and f, 

respectively). 

Spectral carbonate bands for HAP/CS/Gr composite coating were observed in the regions from 800 to 

900 cm-1 and from 1350 to 1600 cm-1 (Fig. 1a).46 Carbonate ions can substitute hydroxyl and/or 

phosphate groups, leading to formation of carbonate substituted HAP. When the replacement of OH- 

groups by CO3
2- groups occurs, the change in HAP structure is known as A-type substituted HAP. 

When PO4
3- groups are substituted by CO3

2- groups, then such substitution is denoted as B-type 

hydroxyapatite.46 In FTIR spectra for HAP/CS/Gr composite coating (Fig. 1a), observed carbonate 

band at 878 cm-1 represents the vibration mode of O–C–O group.18,46 With the aim to determine the 

type of carbonate substitution in HAP, deconvolution of carbonate peak in the region 800-900 cm-1 

(Fig. 1c) and 1350-1600 cm-1 (Fig. 1d) was performed. The deconvolution of carbonate band at 

878 cm-1 revealed three different peaks (Fig. 1c). A peak at 879 cm-1 can be assigned to the A-type 

carbonate substitution, peak at 872 cm-1 suggested the presence of B-type substitution, while the peak 

at 865 cm-1 represented the non-apatitic carbonate.47 The deconvolution of FTIR peaks in the region 

from 1350 to 1600 cm-1 (Fig. 1d) confirmed the presence of A- and B-type of substitution in HAP, as 

well. Bands at 1421 and 1470 cm-1, as well as a doublet at 1407 and 1441 cm-1, can be assigned to B-

type,48 while the presence of a band at 1528 cm-1,46 suggested the A-type substitution in HAP (Fig.1d). 

A band at 1456 cm-1 can be assigned to the both A and B-type of carbonate substituted HAP.47 Based 

on the positions of all carbonate bands, it could be concluded that “AB-type” substitution occurred in 

HAP/CS/Gr. The carbonate substitution in HAP structure is advantageous regarding bioactivity and 

similarity to the natural bone.47 Two distinctive bands at 1654 cm-1 (amide I band) and 1546 cm-1 

(amide II band) for HAP/CS/Gr coating (Fig. 1e) were assigned to the C=O stretching vibration of –

NHCO– group and the N–H bending in –NH2 group of CS, respectively.18,49 The chitosan presence in 

HAP/CS/Gr coating was also verified by bands at 2857 cm-1 and 2926 cm-1 (Fig. 1a), originating from 
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C-H stretching in the CS structure.49,50 At 1388 cm-1 (Fig. 1d ) the band for CH3 symmetrical 

deformation in chitosan structure can be distinguish.51 The bands at 473, 563, 600, 952, 1020 and 

1085 cm-1 undoubtedly confirmed the hydroxyapatite presence in the HAP/CS/Gr composite coating. 

All these bands were ascribed to the different vibration modes of PO4
3- group.18 

Band at 1560 cm-1 (Fig. 1e) can be assigned to the skeletal vibration of Gr, confirming the successful 

incorporation of graphene in HAP/CS/Gr composite coating.43,52 Inset in Figure 1a highlights the 

region from 3000 to 3600 cm−1, where prominent peak at 3570 cm-1 was observed, corresponding to -

OH stretching from HAP structure.53 A wide band at around 3279 cm-1 (for HAP/CS/Gr) can be 

attributed to the valence vibrations of hydroxyl groups, sensitive to hydrogen bonding.49 Therefore, it 

can be assumed that hydrogen bonding between hydroxyl groups of HAP and hydroxyl and amino 

groups of CS occurred. In Fig. 1b FTIR spectrum for HAP/CS/Gr/Gent coating is represented. 

Generally, characteristic bands, corresponding to HAP, chitosan and graphene can be observed for 

HAP/CS/Gr/Gent coatings, as it was reported for HAP/CS/Gr coating (Fig. 1a). After gentamicin 

incorporation in HAP/CS/Gr/Gent coating, a new band at 1640 cm-1 appeared (Fig. 1f). This band can 

be assigned to the N-H bending vibration of primary aromatic amines,54 confirming gentamicin 

presence in composite coatings. Additional confirmation of the gentamicin interaction with apatite 

and chitosan can be obtained in the FTIR spectra through the shift of the characteristic chitosan bands 

to the lower wavenumbers. The slight shift from 3279 cm-1 (for HAP/CS/Gr, Inset in Fig. 1a) to 

3261 cm-1 (HAP/CS/Gr/Gent, Inset in Fig. 1b)) was noticed after gentamicin introduction. These 

bands were attributed to the valence vibrations of hydroxyl groups, sensitive to hydrogen bonding.49 

Therefore it can be assumed that hydrogen bonding between hydroxyl groups of HAP and amino and 

hydroxyl groups of CS with newly introduced gentamicin hydroxyl and amino groups occurred. 
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3.2. XRD analysis 

XRD analyses of HAP/CS/Gr and HAP/CS/Gr/Gent coatings (Figs. 2a and b, respectively), revealed 

presence of HAP (JCPDS 09-0432) and Ti (JCPDS 89-2762), that originated from the substrate. CS, 

Gr and Gent peaks cannot be detected, probably due to the small amount of these components in the 

composite coatings; their peaks are overlapped by much stronger HAP diffraction maxima. In both 

composite coatings (Figs. 2a and b), diffraction maxima are broadened, suggesting that HAP 

crystallites have fine crystallite size. XRD diffractograms exhibited higher intensities of diffraction 

maxima for HAP/CS/Gr compared to the HAP/CS/Gr/Gent coating, indicating that more HAP crystals 

were formed in the case of HAP/CS/Gr. Using the HAP characteristic crystal planes ((002), (211), 

(112) and (300)), d-spacing values (Table 1),  unit cell volume (V) unit cell parameters (a and c) and 

crystallite domain size (Table 2) were calculated. As a consequence of gentamicin incorporation, a 

decrease in the d-spacing values for HAP/CS/Gr/Gent coating with respect to the HAP/CS/Gr coating 

can be observed (Table 1). Gentamicin as aminoglycoside antibiotic has numerous amino and 

hydroxyl moieties, enabling the interaction with the –OH groups of HAP through hydrogen bonding 

or electrostatic interactions.4 Additionally, bonding can occur through the mutual interaction of 

hydroxyl and amino groups from CS and Gent. All of these interactions are accompanied by the 

intermolecular bonding, causing the contracting in the chitosan matrix and consequently decreasing 

HAP d-spacing value.55 As a consequence, the unit cell parameters (a and c) and the unit cell volume 

(V), as well as the crystallite domain size have smaller values for HAP/CS/Gr/Gent coating than for 

the HAP/CS/Gr coating (Table 2). Crystallite domain size depends on crystallization rate and the rate 

of crystal growth. During the coating drying process, sulfate ions (from the gentamicin sulfate) 

influence the formation of a large number of nucleation sites. At the same time, as gentamicin is a 

bulky molecule, there is also a possibility that it prevents further crystal growth. Both of these effects 

lead to finer crystallite structure and smaller size in the case of HAP/CS/Gr/Gent, which contributes to 
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better osseointegration due to bone-like apatite formation.56,57 Namely, owing to their large surface-to-

volume ratio HAP nanoparticles are considered to improve the in vitro bone-like apatite formation, by 

increasing the specific area of biomaterial.58,59 Moreover, it was shown that a larger contact area 

enhanced the adhesive protein adsorption and thus contributed to the interactions between cells and 

biomaterial surfaces.4,60 The higher amount of adsorbed proteins was in correlation with a larger 

specific area, justifying the statement of improved bioactivity when smaller particles are used.61 

3.3. XPS analysis 

The deconvoluted high resolution XPS spectra of C 1s, O 1s, and N 1s of HAP/CS/Gr and 

HAP/CS/Gr/Gent coatings are depicted in Fig. 3. C 1s peak was fitted into five different modes 

(Fig. 3a) which were assigned to C–H/C–C (284.6 eV), C–O/C–N (285.5 eV), O–C–O (286.9 eV), 

O-C═N (288.65 eV) and C═O (290.2 eV) originating from Gr,62 and acetyl and amide groups 

characteristic for CS.63 Similar BE at 284.8, 285.8, 287.2, 288.8, and 290.3 eV, for C 1s peaks were 

also found for HAP/CS/Gr/Gent (Fig. 3b) and were ascribed to C–H/C–C, C–O/C-N, O–C–O, O–

C═N, and C═O, respectively. Characteristic peaks for gentamicin at 287.2 eV (O–C–O) and 288.8 

eV, (O–C═N) originating from acetal bonds and methylamino groups from gentamicin, overlapped 

with acetal and amide groups from CS64,65 so similar peaks were obtained for both coatings. The high-

resolution O 1s peak was fitted into three different modes (Fig. 3c and d). Peaks at 531.4 and 531.7 

eV for HAP/CS/Gr and HAP/CS/Gr/Gent, respectively could be assigned to the PO4
3– groups of HAP, 

while peaks at 532.7 eV for both samples could represent the contribution from hydroxyl groups from 

HAP, CS and Gent. The peaks at 533.6 for HAP/CS/Gr and 533.8 eV for HAP/CS/Gr/Gent could be 

assigned to the C═O interactions, originating from chitosan and gentamicin.18 Figs 3e and 3f represent 

the deconvolution of high resolution N 1s spectra for HAP/CS/Gr and HAP/CS/Gr/Gent.  The peaks 

at 400.2 and 400.5 eV, for HAP/CS/Gr and HAP/CS/Gr/Gent, respectively were assigned to C–NH2 

interactions (free amines),66 while peaks at 401.7 eV for both spectra could be assigned to the C–NH3
+ 
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interactions (protonated amines).18,64 Since gentamicin sulfate solution was used, XPS spectrum of 

HAP/CS/Gr/Gent composite displayed the S 2p peak, clearly confirming the gentamicin 

incorporation. S 2p peak (data not shown) was fitted with peak component at 170 eV.18 Elemental 

composition, calculated from XPS (Table 3) confirmed the gentamicin incorporation through the 

sulfur content in the HAP/CS/Gr/Gent coating (0.7 at %). The calculated values of Ca/P ratio of 1.26 

and 1.27 for HAP/CS/Gr and HAP/CS/Gr/Gent coatings, respectively, confirmed the FTIR conclusion 

on calcium-deficient HAP. It is known that bioactivity and osteoinductivity are improved in the case 

of substituted HAP compared to the HAP that retains stoichiometric ratio.67,68 

3.4. FE-SEM 

Fig. 4 represents the morphology of HAP/CS/Gr (Figs. 4a and b) and HAP/CS/Gr/Gent (Figs. 4c 

and d) coatings at different magnifications. By examining the surface of the HAP/CS/Gr coating, a 

large number of spherical particles of different sizes is evident (Fig. 4a), corresponding to HAP finely 

and uniformly dispersed within a polymer/graphene matrix. At lower magnification (Figs. 4a and c), 

the chitosan can be observed as a wax-like matrix for both coatings. The surface of HAP/CS/Gr/Gent 

coating (Fig. 4c) exhibited few cracks, probably formed during the air drying process due to higher 

water content in HAP/CS/Gr/Gent coating (according to TG analysis, presented below (Section 3.6.) 

and polymer matrix shrinkage during drying process. Due to similar morphology of HAP/CS/Gr and 

HAP/CS/Gr/Gent coatings, the incorporation of gentamicin did not significantly affect the surfaces on 

the micro level, as can be clearly seen from Fig 4c and d. At higher magnification, the surface of 

HAP/CS/Gr (Fig. 4b) consisted of HAP spherical particles which are mostly agglomerated and 

covered with small HAP particles. Agglomeration of particles could occur due to interface interaction 

between HAP and polymer matrix and was attributed to the high specific surface energy of HAP 

particles.55 Even at higher magnification, the surface of both coatings (Figs. 4b and d) seems porous 

and homogeneous. This well-dispersed network is reinforced by Gr, known to act as a “bonding” 
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material, making bridges through polymer matrix and preventing the crack formation in the 

coatings.69  

3.5. Raman spectroscopy 

Figs. 5a and b represent the Raman spectra of HAP/CS/Gr and HAP/CS/Gr/Gent coatings, 

respectively. The first difference was spotted in the wavenumber and the intensity of the band 

corresponding to γ1 stretching vibrations of PO4
3- group which was decreased in HAP/CS/Gr/Gent 

coating (920 cm-1) with respect to HAP/CS/Gr coating (959 cm-1). Gentamicin introduction caused a 

change in the vibrational mode of PO4
3- through establishing chemical bonds between hydroxyl 

groups of HAP with OH- groups from CS and gentamicin. Further, the band at 1566 cm-1, assigned to 

the G-band characteristic for Gr overlapping with in-plane bending vibrations of –NH2 bonds from 

CS70,71 was evident in the HAP/CS/Gr spectrum, whereas for HAP/CS/Gr/Gent this band was not 

observed due to the interactions between amino groups of CS and Gent.  However, bands at 1358 cm-1 

and 1372 cm-1 for HAP/CS/Gr and HAP/CS/Gr/Gent, respectively, originating from D-band 

(associated with the disorder in Gr structure), indicated the graphene incorporation. Moreover, 

characteristic 2D-band for Gr presence was noticed at 2704 cm-1 for HAP/CS/Gr and at 2728 cm-1 for 

HAP/CS/Gr/Gent.71 Spectral bands found at 2936 cm-1 and 2912 cm-1 in the case of HAP/CS/Gr and 

HAP/CS/Gr/Gent, respectively, were assigned to the symmetric stretching of the C-H bond from the –

CH2 group in the CS. After introduction of gentamicin, the band at 2912 cm-1 became more 

pronounced in comparison to the peak at 2936 cm-1 due to the change in vibration modes of –CH and 

–CH2 groups after gentamicin introduction.49  

3.6. Thermal stability 

TG/DTG analysis was performed to investigate the thermal stability of HAP/CS/Gr and 

HAP/CS/Gr/Gent composite coatings (Figs. 6a and b, respectively) and to examine the influence of 

gentamicin on the thermal properties of HAP/CS/Gr/Gent coating.  
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HAP/CS/Gr and HAP/CS/Gr/Gent coatings expressed gradual weight loss through several steps. 

Gentamicin addition caused significant increase in the initial mass loss (2.6 wt % (16-118 °C) for 

HAP/CS/Gr compared to 6.5 wt % (18-158 °C) for HAP/CS/Gr/Gent), ascribed to the water 

desorption, due to reduced crystallite domain size, i.e. larger specific surface area of HAP/CS/Gr/Gent 

coating compared to HAP/CS/Gr coating, as it was shown by XRD results. Next mass loss stage was 

assigned to the crystalline water release and the beginning of HAP dehydroxylation43 in the 

temperature interval from 166 to 212 °C (0.6 wt % mass loss) for HAP/CS/Gr and 117-238 °C (1.2 wt 

% mass loss) for HAP/CS/Gr/Gent coating. In the third mass loss stage (240-345°C (1.4 wt %) for 

HAP/CS/Gr and 213-365 °C (2.4 wt %) for HAP/CS/Gr/Gent), thermal decomposition of chitosan,72 

along with gentamicin decomposition took place.73 Moreover, DTG analysis pointed to the prominent 

peak at 294 °C (ascribed as CS degradation) for HAP/CS/Gent coating (Fig 6a) which was shifted to 

305 °C for HAP/CS/Gr/Gent coating (Fig 6b). Bearing in mind that HAP in both coatings is carbonate 

substituted, as confirmed by the FTIR analysis, next mass losses of 1.2 wt % (345-433 °C) for 

HAP/CS/Gr and 0.7 wt % (364-425 °C) for HAP/CS/Gr/Gent coating were assigned to the loss of 

carbonate ions as CO2 as well as to the further degradation of chitosan (for HAP/CS/Gr coating) and 

chitosan and gentamicin (for HAP/CS/Gr/Gent coating).41,74 In the next mass loss stage with 0.5 wt % 

mass loss (433-509 °C) for HAP/CS/Gr and 1.4 wt % mass loss (425-580 °C) for HAP/CS/Gr/Gent 

coatings two maxima on the DTG curve (Fig 6a and b) at 443 °C for HAP/CS/Gr coating and at 

450 °C for HAP/CS/Gr/Gent coating were observed. These two peaks can be attributed to the 

decomposition of Gr in composites,75,76 along with loss of carbonate ions from HAP structure, to the 

decomposition of the remaining components from CS, as well as to the loss of Gent residual 

functional groups.74,77–79 In the last stage with 1.8 wt % mass loss (514-685 °C) for HAP/CS/Gr 

coating and 0.8 wt % mass loss (582-662 °C) for HAP/CS/Gr/Gent coating, decarbonation and 

dehydroxylation processes of HAP took place.78 Greater total mass loss was observed for 
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HAP/CS/Gr/Gent coating (14.8 wt %) compared to HAP/CS/Gr coating (10.5 wt %) indicating its 

lower thermal stability.  

3.7. Gentamicin content  

The overall antibiotic content (measured in triplicate) was determined using the HPLC-UV method 

after the derivatization procedure. The three most dominant gentamicin components are C1, C1a, and 

C2 with minor differences in their structure and similar antibiotic activity80 for which the obtained 

retention times were approximately 3.3, 6.4, and 9.8 min. The average amount of gentamicin per 

1 cm2 of HAP/CS/Gr/Gent coating was 8.2 ± 0.1 μg. Compared to previously published results18 for 

HAP/CS/Gent coating of 7.3 ± 0.1 μg per cm2, this increase of more than 10 wt % is substantial and 

clearly the result of graphene presence in the coating, not surprisingly as Gr represents a powerful 

nano-platform for antibiotic gentamicin loading.79 

3.8. Antibacterial activity and cytotoxicity evaluation 

Gentamicin, like most aminoglycosides, irreversibly binds to specific subunit proteins (30S) and 16S 

rRNA in the bacterial cell. This binding causes t-RNA misreading that prevents the synthesis of vital 

proteins. More precisely, gentamicin binds to four 16S rRNA nucleotides and a protein S12 amino 

acid, causing interference in the decoding site close to the nucleotide 1400 in 16S rRNA of 30S 

subunit. This region interacts with the wobble base in the anticodon of tRNA, leading to initiation 

complex interference, polysomes breakup into nonfunctional monosomes, as well as a misreading of 

mRNA that causes incorrect amino acids to be inserted into the polypeptide.81–83  

The antibacterial efficacy of HAP/CS/Gr/Gent (1 mg/mL gentamicin) and HAP/CS/Gr coatings was 

investigated using the agar diffusion method and the results are presented in Fig. 7. Pure gentamicin 

solution in the presence of S. aureus TL and E. coli ATCC 25922 was used as a control (D =10 mm), 

causing clear, wide inhibition zone (31 mm in diameter, Fig. 7a) in the S. aureus TL presence. 

However, E. coli ATCC 25922 responded with wide inhibition zone consisting of brighter 
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(D=24 mm) and darker (D=30 mm) inhibition regions indicating maximum and moderate bacterial 

sensitivity, respectively (Fig. 7b). Neither of the bacteria was sensitive to HAP/CS/Gr coating as 

indicated by inhibition zone absence (Fig. 7a and b, sample 1). Contrary to HAP/CS/Gr, 

HAP/CS/Gr/Gent coating exhibited wide inhibition zone (36 × 27 mm) (Fig. 7a, sample 2) against 

S. aureus TL and 2 sensitivity zones against E. coli (Fig. 7b, sample 2): a brighter (24 × 21 mm) and a 

darker one (28 × 25 mm). The propagation of the inhibition zones for HAP/CS/Gr/Gent is an 

indication that even low concentration (1 mg/mL) of added gentamicin provided for efficient 

antibacterial activity. However, more pronounced antibacterial effect of the HAP/CS/Gr/Gent in the 

presence of S. aureus, rather than E. coli, represents an additional selectivity feature of the material. 

Figs. 8a and b depict the effect of HAP/CS/Gr and HAP/CS/Gr/Gent coating against S. aureus TL and 

E. coli ATCC 25922 in PB medium, respectively, using test in suspension, simulating static in vitro 

conditions. Even though, CS and Gr and Gr-related species antimicrobial effect is well documented in 

literature,84,85 expected synergistic effect of composite HAP/CS/Gr could not be verified. In Figs. 8a 

and b, bacteria incubated without any coated sample (control) and bacteria in the presence of 

HAP/CS/Gr follow the same growth pattern i.e. numbers of viable cells are the same within the 

margin of error. Immediately after inoculation HAP/CS/Gr/Gent coating expressed strong bactericidal 

effect against S. aureus, reducing the initial bacteria count by 2 logarithmic units. However, in the 

first hour, drug release seems to be delayed, indicating the strong hydrogen bonding reinforced 

through non-specific interaction of gentamicin to chitosan and graphene. Diminishing of S. aureus 

bacterial growth occurred within 3 h of exposure (Fig. 8a). Based on the results of HAP/CS/Gr/Gent 

composite coating against S. aureus, the effect is highly bactericidal.86 Retained antibacterial effect of 

HAP/CS/Gr/Gent coating was clearly seen against E. coli (Fig. 8b). In the initial period after 

inoculation the release of the drug hardly affected the bacteria i.e. their sensitivity towards antibiotic 

was low. For the duration of the experiment (24 h post incubation) substantial decline of surviving 
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E. coli cells was observed. Comparing the effects of composite HAP/CS/Gr and HAP/CS/Gr/Gent 

coatings and based on the kinetics testing against E. coli, since the reduction in bacterial cells was less 

than 3 logarithmic units, HAP/CS/Gr/Gent coating was classified as bacteriostatic.86   

MTT test was employed for the in vitro cytotoxicity evaluation of the targeted two cell lines, MRC-5 

(human fibroblasts) and L929 (mice fibroblasts). HAP/CS/Gr and HAP/CS/Gr/Gent were compared 

using the standard MTT assay for the estimation of the number of viable cells that convert water-

soluble yellow MTT dye into an insoluble purple formazan. Spectrophotometrically determined 

formazan amount at 540/690 nm is directly proportional to the number of live cells, estimating the 

extent of cytotoxicity. The MTT assay results are represented in Fig. 9, comparing the cell viability in 

the presence of HAP/CS/Gr and HAP/CS/Gr/Gent with control (blank containing cells only). 

According to one of the material cytotoxicity scales,87 there is no evidence of cytotoxicity for 

HAP/CS/Gr for both tested cell lines (viability > 90 %) while in the case of HAP/CS/Gr/Gent slight 

cytotoxicity was observed (60−90% viability). The L929 cell line exhibited slightly decreased 

viability in the presence of both samples, as compared with MRC-5 cell line which could be explained 

by elevated L929 cell sensitivity. 

4. Discussion 

EPD was successfully used for producing biocomposite HAP/CS/Gr and HAP/CS/Gr/Gent coatings 

from aqueous suspensions on the Ti substrate. The key feature of gentamicin transfer and 

incorporation was quantified by HPLC-UV, yielding the calculated value of 8.2 ± 0.1 μg per 1 cm2 for 

HAP/CS/Gr/Gent. Despite low total concentration of antibiotic in the composite HAP/CS/Gr/Gent 

coating, antibacterial assays confirmed the efficiency of this concentration against E. coli and 

S. aureus. However, results of antibacterial assays strongly supported the antibacterial effect of 

HAP/CS/Gr/Gent as opposed to HAP/CS/Gr coating that could not exhibit synergistic antibacterial 

effect of chitosan and graphene, since concentrations were too low. On the micro level, composite 
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HAP/CS/Gr and HAP/CS/Gr/Gent exhibited uniform, homogenous surface, with no cracks. The 

morphology of the coatings was unaffected by gentamicin incorporation, but its presence induced 

smaller crystallite domain size for HAP/CS/Gr/Gent coating (311 Å) with respect to HAP/CS/Gr 

coating (435 Å) which is advantageous from bioactivity standpoint. FTIR analysis confirmed the 

hydrogen bonding between hydroxyl groups of HAP with hydroxyl and amino groups of CS. 

Moreover, the deconvolution of particular FTIR bands confirmed the “AB-type” substitution of HAP, 

based on the presence and positions of carbonate bands. Deconvolution of XPS high-resolution C 1s 

peak gave strong evidence of gentamicin binding to the polymer/graphene network. XPS analysis 

confirmed the non-stoichiometric HAP with Ca/P ratio of 1.26 and 1.27 for HAP/CS/Gr and 

HAP/CS/Gr/Gent, respectively, supporting the FTIR results. Thermal stability investigations (TG and 

DTG curves) showed good thermal properties with weight loss 10.5 wt % and 14.8 wt % for 

HAP/CS/Gr and HAP/CS/Gr/Gent coatings, respectively. However, only a slight increase in weight 

loss after gentamicin addition was noticed, as expected. The biocompatibility, investigated by MTT 

tests was confirmed for HAP/CS/Gr coating, while HAP/CS/Gr/Gent expressed slight cytotoxicity. 

In conclusion, based on all characterization results and biological behavior, HAP/CS/Gr/Gent 

composite coating could be considered as powerful coating material for future use as part of 

orthopedic implants. 
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Figure legends 

Fig. 1. FTIR spectra of HAP/CS/Gr (a) and HAP/CS/Gr/Gent coating (b); deconvolution of FTIR 

spectral bands for HAP/CS/Gr coating in the specific regions: carbonate band from 800 to 900 cm-1 

(c) and 1350 to 1600 cm-1 (d); FTIR spectra for HAP/CS/Gr (e) and HAP/CS/Gr/Gent coating (f) in 

the region from 1500 to 1700 cm-1. 

Fig. 2. XRD patterns of (a) HAP/CS/Gr and (b) HAP/CS/Gr/Gent coatings  

Fig. 3. XPS spectra for HAP/CS/Gr and HAP/CS/Gr/Gent coatings: C 1s (a,b); O 1s (c,d); N 1s (e,f). 

Fig. 4. FE-SEM microphotographs of (a, b) HAP/CS/Gr and (c, d) HAP/CS/Gr/Gent coatings. 

Fig. 5. Raman spectra of (a) HAP/CS/Gr and (b) HAP/CS/Gr/Gent coatings. 

Fig. 6. TG and DTG curves of (a) HAP/CS/Gr and (b) HAP/CS/Gr/Gent coatings. 

Fig. 7. Agar diffusion test for S. aureus (a) and E. coli (b) in the presence of Gent (control), 

HAP/CS/Gr (sample 1) and HAP/CS/Gr/Gent (sample 2).  

Fig. 8. Reduction of viable cell number of: (a) S. aureus and (b) E. coli after contact with HAP/CS/Gr 

and HAP/CS/Gr/Gent coatings for 0, 1, 3 and 24 h in PB as compared to the control samples coatings. 

Statistical evaluation for samples done in triplicate was performed using one-way ANOVA, with a 

multiple comparisons posthoc analysis (* p < 0.01 for the respective bacteria strain). 

Fig. 9. MRC-5 and L929 cell viability for HAP/CS/Gr and HAP/CS/Gr/Gent coatings. Statistical 

evaluation for samples done in triplicate was performed using one-way ANOVA, with a multiple 

comparisons posthoc analysis (* p < 0.01 within the cell line). 
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Table 1. Calculated XRD parameters (crystal planes d-spacing values)  

coating 

crystal planes 

(002) (211) (112) (300) 

d-spacing, Å 

HAP/CS/Gr 3.4537 2.8271 2.7899 2.7326 

HAP/CS/Gr/Gent 3.4313 2.8032 2.7695 2.7085 
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Table  2. Crystallite domain size, unit cell parameters and volume  

coating 

Parameter Crystallite domain size, Å 

a, Å c, Å V, Å
3 

HAP/CS/Gr 9.446 6.907 536.1 435 

HAP/CS/Gr/Gent 9.383 6.863 523 311 
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Table 3.Elemental composition of HAP/CS/Gr and HAP/CS /Gr/Gent coatings based on XPS surface 

analysis. 

 HAP/CS/Gr, at % HAP/CS/Gr/Gent, at % 

C 1s 21.0 21.5 

O 1s 51.6 51.3 

N 1s 1.3 1.2 

P 2p 11.6 11.1 

Ca 2p 14.6 14.1 

S 2p / 0.7 

Ca/P ratio 1.26 1.27 
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