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Abstract: The purpose of this study was to develop robust class II organic–inorganic films as 
antibacterial coatings on titanium alloy (Ti6Al4V) implants. Coating materials were prepared from 
organic chitosan (20–80 wt.%) coupled by 3-glycydoxytrimethoxysilane (GPTMS) with inorganic 
tetraethoxysilane (TEOS). These hybrid networks were imbedded with antimicrobial silver 
nanoparticles (AgNPs) and coated onto polished and acid-etched Ti6Al4V substrates. Magic-angle 
spinning nuclear magnetic resonance (13CMAS-NMR), attenuated total reflectance Fourier-
transform infrared spectroscopy (ATR-FTIR) and the ninhydrin assay, confirmed the presence and 
degree of covalent crosslinking (91%) between chitosan and GPTMS. Scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDS) identified surface roughness and 
microtopography on thin films and confirmed homogeneous distribution of elements throughout 
the coating. Cross-hatch and tensile adhesion testing demonstrated the robustness and adherence 
(15–20 MPa) of hybrid coatings to acid-etched titanium substrates. Staphylococcus aureus and 
Escherichia coli cultures and their biofilm formation were inhibited by all hybrid coatings. 
Antibacterial effects increased markedly for coatings loaded with AgNPs and appeared to increase 
with chitosan content in biofilm assays. These results are promising in the development of class II 
hybrid materials as robust and highly adherent antibacterial films on Ti6Al4V implants. 
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1. Introduction 

Titanium and its alloys have been the material of choice for biomedical implants over the past 
half century. Their low specific weight, high strength to weight ratio and resistance to corrosion are 
features that make titanium the ideal bulk material for numerous clinical applications [1]. These 
include orthopedic and dental implants where their resistance to chipping and capacity to endure 
repetitive high loading conditions are an advantage over non-metallic substrates. Furthermore, the 
titanium dioxide layer that forms on their surfaces is highly inert and biocompatible to the cells and 
extracellular matrix of surrounding tissues. 

However, the bio-inertia of titanium surfaces is accompanied by a lack of any significant 
antimicrobial properties. While implanted titanium materials are well received by the osseous and 
connective tissues of their host, microbial contamination of their surfaces and the surgical site can 
often lead to sustained infections and unfavorable patient outcomes. These implant-associated 
infections are currently a major cause of orthopedic and dental implant failures. Post-operative 
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infections associated with biomaterial implantation range from 2%–5% for orthopedic procedures 
and 4%–11.5% for dental and oral surgeries [2–4]. These infections are often extremely resistant to 
systemic antibiotics and persist until the implant has been surgically retrieved. 

The persistence of implant-associated infections is likely due to the presence of polymicrobial 
biofilms that have formed on implant surfaces. These biofilms contain bacteria that are encased 
within a bacterial-excreted polysaccharide matrix, which is highly adherent to biomaterial surfaces 
and largely resistant to the external environment. Accordingly, the bacteria within biofilms may be 
up to 1000 times more resistant to antibiotics than bacteria that are suspended in a planktonic state 
[3,5]. 

Therefore, research has now been directed toward the modification of implant surfaces to 
prevent initial bacterial adhesion and subsequent biofilm formation. Most antimicrobial strategies 
have relied on either static antimicrobial activity from direct or indirect surface modifications or they 
have implemented release-based antimicrobial action using biocides imbedded within material 
surfaces. 

Static antimicrobial strategies involve modifications to implant surface properties which can 
alter their surface roughness, hydrophilicity and/or surface functional groups [6–8]. Therefore, such 
intensive surface modifications can lack selectivity for biomedical applications and may 
inadvertently reduce favorable surface interactions with mammalian cells. These cellular responses 
are necessary for cell attachment and adequate osseointegration with surrounding tissues [9]. 
Furthermore, while static antimicrobial factors may inhibit or retard initial bacterial adhesion and 
proliferation, they become ineffective once biofilms become established on biomaterial surfaces. 

In contrast, release-based antimicrobial strategies typically employ a coating system that enables 
the release of biocidal components such as antibiotics, cationic molecules or metallic compounds [10–
13]. Systems that employ release-based antimicrobial strategies often involve an initial burst release 
of the imbedded biocidal agents that have short-term effects, which are followed by a subsequent 
diminution of activity. Additionally, for release-based systems the choice of an antibiotic as a biocidal 
agent may be contraindicated by the rise in antibiotic-resistant infections from resistant bacterial 
strains [14]. 

Therefore, recent interest has focused on the utilization of metallic nanoparticles as antimicrobial 
agents, due to their broad-spectrum effects [15,16]. Among these, silver nanoparticles (AgNPs) have 
garnered significant interest due to their limited cytotoxicity, ease of synthesis, low minimum 
inhibitory concentrations for many pathogenic bacteria and their antimicrobial efficacies in both static 
and release-based applications [17–19]. AgNPs provide antibacterial efficacy through both the release 
of silver ions (Ag+) and through the direct action of metallic AgNPs (Ag0). The Ag+ provide 
antibacterial effects by permeating cell walls, damaging proteins and membranes and causing 
oxidative stress [20]. The antibacterial action of Ag0 is by a similar permeation-based toxicity, as well 
as through cell surface attachment and disturbances to the permeability and metabolism of bacterial 
cells [21,22]. 

Currently, surface modifications to titanium implants are limited commercially to surface 
treatments (physical roughening, anodizing, chemical etching, etc.) and inorganic ceramic coatings 
that typically incorporate hydroxyapatite (HAp) as a bioactive layer. However, the application of 
such ceramic coatings has numerous disadvantages such as slow processing (biomimetism), high 
temperature application (plasma spraying) and overly thick or brittle film deposition, which limit 
their ability to be loaded with process sensitive antimicrobials [23–25]. Therefore, there was 
significant interest in using alternative coating materials containing organic components, which 
could improve the material properties and processability of coating materials while retaining an 
adequate level of bioactivity within tissues. 

One organic material being considered for coating applications is chitosan, which is a naturally 
occurring polycationic polymer derived from the shells of crustaceans. Chitosan is both 
biocompatible, biodegradable and has antibacterial effects. Due to these unique properties, chitosan 
has already found use in multiple biomedical applications that include drug delivery [26–28], tissue 
engineering [29–31], ophthalmology [32–34] and as medical device coatings [35–37]. However, 
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chitosan alone has a propensity to degrade and has weak mechanical properties in vivo that would 
make it a poor choice as a coating for implantable titanium materials. 

Therefore, the development of class II organic–inorganic hybrid materials that retain the biologic 
benefits of polymers such as chitosan, while enhancing their physical properties, has been proposed 
[38–40]. By covalently coupling biopolymers to inorganic precursors, hybrid materials could be 
developed that retain their biocompatibility and have improved mechanical properties. For example, 
gelatin has been utilized as the organic component in a class II hybrid framework with silica, to 
develop highly porous scaffolds for bony tissue applications with tunable mechanical and dissolution 
properties [41]. Similarly, chitosan has been shown to be an appropriate biopolymer for covalent 
coupling with silica networks that are otherwise too brittle [42–45]. Coupling with inorganic silica 
networks, in these cases, significantly improves the mechanical properties of chitosan alone for 
applications as biomaterials. Similar studies have used chitosan as a primary organic network 
modifier and sole antimicrobial agent in the development of coatings for titanium implant materials 
[46,47]. These studies have shown that such materials could promote bone forming ability and 
provide an antimicrobial effect against clinically relevant pathogens. This study evaluated the 
robustness of these materials and investigated the inclusion of AgNPs into the coating network to 
improve antimicrobial efficacy against both static and planktonic pathogens. 

Therefore, the purpose of this research was to develop robust and functional chitosan–silica 
coatings for titanium implants. The objective was to develop robust chitosan–silica class II hybrid 
coatings that could be loaded with AgNPs for manifest antibacterial properties. 

2. Materials and Methods 

2.1 Synthesis of Coating Materials 

All chemicals involved in the preparation of coating materials were purchased as laboratory 
grade reagents from Sigma Aldrich (St. Louis, MO, USA), unless otherwise specified. There were four 
formulations of chitosan–silica hybrid coating materials prepared (Table 1). Their composition and 
preparation were identical, except for their organic content that varied from 20% to 80% by weight. 
The variation in organic content was achieved by modifying the ratio of tetraethoxysilane (TEOS) to 
chitosan coupled with 3-glycidyloxypropyltrimethoxysilane (Ch-GPTMS). 

Table 1. Composition of hybrid coatings. 

Components 
80% Organic Blends 60% Organic Blends 40% Organic Blends 20% Organic Blends 

80% ChSi 80% ChSi-
nAg 

60% ChSi 60% ChSi-
nAg 

40% ChSi 40% ChSi-
nAg 

20% ChSi 20% ChSi-
nAg 

Ch-GPTMS a 80 80 60 60 40 40 20 20 
TEOS b 20 20 40 40 60 60 80 80 

AgNPs c – 0.023 – 0.023 – 0.023 – 0.023 
a Chitosan coupled with 3-glycidyloxypropyltrimethoxysilane (network wt.%); b tetraethoxysilane 
(network wt.%); c silver nanoparticles (total coating wt.%) 

A coupling reaction between chitosan and GPTMS was initiated as previously described [42,45]. 
Briefly, chitosan (200 kDa, 82% DDA) was dissolved in an acidic solution (HCl, pH 4.0) to a 
concentration of 18 mg/mL. This chitosan solution was strained through a cotton filter and then 
GPTMS was added at a 1:1 molar ratio of solubilized chitosan to GPTMS and left to couple over a 
period of 24 hours at room temperature. Following coupling, an appropriate amount of hydrolyzed 
TEOS (pH 4.0) was added to the Ch-GPTMS solution to yield hybrids of varying organic content (20, 
40, 60 and 80 wt.%). The inorganic component of the hybrid material was controlled independently 
using TEOS. After the addition of an appropriate amount of TEOS as the inorganic component in the 
hybrid material, duplicate preparations of each coating material were loaded with AgNPs (0.023 
wt.%) and agitated maximally for 1 h. 

The AgNPs were synthesized by a chemical reduction method, as previously described [48–50]. 
Initially, a solution of NaBH4 (2.0 × 10–3 M) was prepared in double distilled water and chilled in an 
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ice bath for 15 min. Concurrently, a solution of AgNO3 (2.0 × 10–3 M) was prepared in double distilled 
water. While the solution of NaBH4 was stirred vigorously, the solution of AgNO3 was added 
dropwise with NaBH4 being in excess (NaBH4:AgNO3 6:1 v/v). Following the addition of AgNO3, 
stirring was stopped and the AgNP colloid was stabilized with an appropriate amount of 
polyvinylpyrrolidone (0.3 wt.% PVP) solution. The PVP stabilized AgNP solutions were then 
subjected to repeated cycles of ultracentrifugation and freeze-drying to collect concentrated AgNPs. 

The synthesized AgNPs were examined by transmission electron microscopy (TEM). Nickel 
grids (400 mesh) were dipped in aqueous suspensions of AgNPs and allowed to air-dry. Analysis 
was performed using a Philips 420 TEM at an accelerating voltage of 80 kV equipped with an AMT 
4000 digital imaging system. 

2.2 Deposition of Hybrid Coatings 

Commercially available titanium alloy (Ti6Al4V) discs (9 × 9 × 2 mm) were polished with silicon 
carbide study up to 1200 grit, then rinsed with acetone and washed by ultrasonication in deionized 
water. Some discs were then immersed in a solution of HCl and H2SO4 in double distilled water (2:2:1 
v/v) at 65 °C for 20 min. Following this etching process, these discs were neutralized with a NaHCO3 
solution (0.5 M), washed by ultrasonication in deionized water and ethanol and dried at 40 °C. 

The polished and acid-etched Ti6Al4V discs were used as substrates for the application of 
chitosan–silica class II hybrid coatings in a standard dip-coating protocol [51]. Briefly, the discs were 
immersed in freshly prepared chitosan–silica sol using a dip and withdrawal speed of 100 mm/min. 
Following dip coating, the discs were dried in a vacuum oven at 80 °C for 3 h and then stored at room 
temperature. 

2.3 Characterization of Coating Surfaces 

The hybrid coating surfaces were carefully analyzed for their chemical structure, composition 
and microtopographies. The presence of covalent coupling between chitosan and GPTMS was 
identified by solid–state nuclear magnetic resonance (NMR). 13C Magic-angle spinning (MAS) NMR 
spectra were acquired at natural abundance on a 14.1 T Inova I600 NMR Spectrometer (Varian Inc., 
Palo Alto, CA, USA) operating at 79.4 MHz. Hybrid coating samples were spun at 13 kHz using a 3.2 
mm MAS HXY probe. In addition, the degree of covalent coupling was measured with a ninhydrin 
assay as follows [52,53]. Briefly, a ninhydrin solution was added to solid suspensions of the coating 
samples at 80 °C for 20 min. Solid suspensions were prepared by grinding dried coating materials 
with a mortar and pestle and suspending the fine powder in double distilled water. The absorbance 
of prepared suspensions was measured at 570 nm using a spectrophotometer (G1103A, Agilent 
Technologies, Santa Barbara, CA, USA) and compared to a standard curve prepared from the 
chitosan batch used in this study. Using the standard curve, the percentage of free (uncoupled) amino 
groups present in the coating samples was calculated. 

The surface morphologies and microtopographies of the hybrid coatings were examined by 
scanning electron microscopy (SEM), using a Hitachi SU8230 Regulus Ultra High-Resolution Field 
Emission SEM (Hitachi, Tokyo, Japan). The coated Ti6Al4V discs were secured to metal stubs with 
carbon tape and sputter coated with 10 nm gold nanoparticles prior to analysis. Additionally, 
elemental distribution maps of the coating surfaces were obtained by energy-dispersive X-ray 
spectroscopy (EDX) using a Bruker X-Flash FQ5060 Annular Quad EDX detector (Brunker, Billerica, 
MA, USA). 

The chemical structure of the coatings and the presence of key functional groups were analyzed 
using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). Hybrid 
coating samples were analyzed using a Bruker Tensor II system with a Platinum ATR (unit A225) 
equipped with a 2 × 2 mm diamond crystal (Brunker, Billerica, MA, USA). Spectra were acquired in 
the range of 4000–400 cm−1, at a resolution of 4 cm−1 and taken as an average of 32 scans. All spectra 
were analyzed using OPUS spectroscopy software. 
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2.4 Evaluation of Mechanical Properties 

The mechanical properties of the hybrid coatings and their interface with underlying titanium 
substrates were carefully evaluated. Their surface energies were analyzed by measuring the water 
contact angle for double distilled water. The water contact angles were measured by the DataPhysics 
OCA 30 (DataPhysics, Filderstadt, Germany) using the sessile drop method. Drop volume was 
maintained at 10 µL and replicate (n = 5) measurements were obtained. 

Overall, adhesion of the hybrid coatings to their titanium substrates was evaluated qualitatively 
using an abbreviated cross hatch adhesion protocol (ASTM D3359 [54]). Briefly, the coatings were 
scored using a cross hatch cutter (Elcometer, Manchester, United Kingdom) with standardized blade 
spacing (11 × 1 mm). There were two perpendicular cuts (20 mm) that were made with a steady 
motion and force to penetrate the coating layer and create a lattice pattern. ASTM standard tape was 
then placed over the center of the grid, smoothened with a pencil eraser and then withdrawn in a 
steady motion at an angle of 180° from the substrate. Resultant defects in the coating layer were 
examined using a brightfield microscope at a magnification of 50× (Mitutoyo, Kanagawa, Japan). 

Quantitative assessments of the coatings’ adhesion to titanium substrates and risks of 
delamination were obtained through a tensile adhesion protocol as follows (Figure 1) [55]. The coated 
Ti6Al4V discs were fixed to aluminum dolly specimens with T-88 epoxy resin (System Three Resins, 
Inc., Lacey, WA, USA). The affixed samples were secured to a tension adapter in an Adelaide TCC 
universal testing machine (Adelaide Testing Machines, Toronto, ON, Canada), and forced apart at a 
speed of 3 mm/min. Each coating and treated titanium substrate were tested in triplicate (n = 3). 
Following separation, the site of delamination was carefully examined, with the coating adhesive 
strength calculated as: Adhesive Stength (MPa) = Load at Failure (N)Coated Area (m )  (1) 

 

 

Figure 1. Adhesive tensile testing of hybrid coatings on titanium (Ti6Al4V) substrates. The coating 
(black line) and Ti6Al4V substrate (red line) are forced apart (yellow arrows) in an Adelaide TCC 
universal testing machine. 

2.5 Evaluation of Antimicrobial Properties 

The antimicrobial properties of the hybrid coatings were evaluated against common Gram-
positive and -negative bacterial pathogens. Their antimicrobial efficacies were assessed 
quantitatively against Escherichia coli (Gram-negative, ATCC® 25922) and Staphylococcus aureus 
(Gram-positive, ATCC® 25923) suspended in planktonic bacterial cultures and on their formation of 
adherent biofilms. Separate E. coli and S. aureus monocultures suspended in Luria Bertani (LB) 
medium were prepared from inoculum. 
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The coated discs were disinfected and sterilized in preparation for bacterial cultures. They were 
rinsed twice with ethanol (70% v/v), washed thrice with phosphate buffered saline (PBS), then placed 
in a tissue culture hood and exposed to UV light for 30 minutes to ensure sterility. Replicate coated 
discs (n = 3/coating) were submerged in each bacterial suspension of 105 CFU/mL and incubated at 
37 °C under aerobic conditions. At predetermined times (1, 2, 4, …, 24 h), samples of the bacterial 
suspension were withdrawn and their absorbance (OD600) measured using a spectrophotometer 
(Agilent Technologies, Santa Barbara, CA, USA). Viable cells from the samples of bacterial suspension 
were counted by serial dilution and the spread plate method using 100 × 15 mm LB Agar plates. 

Additional sterile coated discs (n = 3/coating) were submerged in each bacterial suspension of 
105 CFU/mL and incubated at 37 °C under aerobic conditions for a period of 24 h. Following 
incubation, the coated discs were gently rinsed thrice with sterile PBS, transferred to sterile culture 
tubes containing 2 mL of fresh LB medium and subjected to ultrasonication for 5 min. Viable bacteria 
were harvested from the sonicated samples and counted by serial dilution and the spread plate 
method using 100 × 15 mm LB Agar plates. The inhibition of bacterial biofilm formation was 
calculated with CFUcontrol representing colonies on uncoated control (Ti6Al4V) surfaces and CFUcoating 
being the colonies on each coating as: 

Bacterial Inhibition (%) = CFUContol − CFUCoating

CFUControl
× 100 (2) 

2.6 Statistical Analysis 

The data in this study were analyzed using GraphPad Prism software (V 6.01). All data are 
expressed as mean ± standard deviation. One-way ANOVA analyses were used to make comparisons 
among multiple groups. Group differences were specified using Tukey’s post hoc tests with the 
differences considered statistically significant when p < 0.05. 

3. Results and Discussion 

3.1 Characterization of Coating Materials 

The first step in this research was to successfully synthesize class II hybrid coating materials. 
Class II hybrids have been shown to display synergistic properties that complement the advantages 
of both organic and inorganic polymers [56]. In this study, class II hybrid materials were developed 
using chitosan as an organic polymer component, GPTMS as a silane coupling agent and TEOS as an 
independent inorganic network agent. Initially, covalent coupling occurred between the epoxide 
functional group of GPTMS and the primary amine group of chitosan (Figure 2A). Concurrently, the 
acidic conditions of the reaction catalyzed the hydrolysis of ethoxysilane bonds to form Si–OH 
pendants. Following coupling, pre-hydrolyzed TEOS was added to the solution of functionalized 
chitosan, and polycondensation of the network proceeded to occur through the formation of Si–O–Si 
linkages. After the addition of hydrolyzed TEOS, some of the materials had aqueous suspensions of 
AgNPs added to their blend to create antimicrobial coatings. 

To verify that these coating materials were indeed class II hybrids, it was essential to confirm 
that there was covalent coupling between the organic and inorganic components. In this study, the 
coupling of chitosan using its primary amine functionality to GPTMS was evaluated, because the 
epoxide functional group of GPTMS is known to form covalent bonds with nucleophilic functional 
groups such as amines under acidic conditions [57]. To observe these reactions between GPTMS and 
chitosan, 13C MAS-NMR spectroscopy was used. The coupling reaction could be followed by 
identifying the peak assignments previously described (Figure 3) [43]. The 13C resonance labeled ‘6’ 
(associated with the carbon in the epoxide ring) at δ ~47 ppm, showed that some of the epoxide rings 
of GPTMS had been opened by a nucleophilic attack of the primary amine of chitosan to form a 
secondary amine. There were no other reactions between chitosan and GPTMS identified, which 
indicated that the coupling occurred exclusively between the primary amine of chitosan and the 
epoxide of GPTMS. Indeed, these findings are consistent with what has been reported by others for 
the coupling of chitosan and GPTMS under similar conditions [43,45]. 
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Figure 2. Chemical synthesis of chitosan–silica Class II hybrids and imbedding of silver nanoparticles 
(AgNPs). (A) Coupling of chitosan and 3-glycidyloxypropyltrimethoxysilane (GPTMS) in mildly 
acidic conditions; (B) polycondensation of coupled chitosan and hydrolyzed tetraethoxysilane 
(TEOS); (C) imbedding AgNPs into the hybrid sol network. 

 
Figure 3. Characterization of covalent coupling in hybrid materials. 13C Magic-angle spinning nuclear 
magnetic resonance (MAS-NMR) spectra of the hybrid material. Covalent coupling was confirmed by 
peak “6”, which was from a nucleophilic attack of the primary amine in chitosan on the epoxide of 3-
glycidyloxypropyltrimethoxysilane (GPTMS). The absence of other peaks associated with coupling of 
these species indicated that the amine in chitosan was the sole site of coupling. 
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As a method to conveniently measure the degree of covalent coupling between chitosan and 
GPTMS, a ninhydrin assay was utilized (Figure 4). This assay enabled the detection of primary amine 
groups that may have remained uncoupled during the development of the hybrid materials. Through 
this colorimetric assay, the transformation of primary amines in the deacetylated units of chitosan to 
secondary amines upon coupling with the epoxide functional group of GPTMS, could be monitored. 

A standard curve was established with the batch of chitosan used in this study, which had an 
82% degree of deacetylation. It was compared to the chitosan coupled with GPTMS and showed that 
a 91% degree of crosslinking between chitosan and GPTMS was achieved. This high degree of 
coupling was closely monitored and maintained throughout the study, as variations in covalent 
coupling can yield large variations in the mechanical and thermomechanical properties of the 
resulting hybrid materials [58]. 

 
Figure 4. Quantitative analysis of covalent coupling between chitosan and 3-
glycidyloxypropyltrimethoxysilane (GPTMS) by ninhydrin assay. In finely ground aqueous 
suspensions of coupled material (Ch+GPTMS) and uncoupled chitosan (MMW Chitosan), ninhydrin 
reagents selectivity for primary amines was measured by optical absorbance at 590 nm. The degree 
of covalent coupling between chitosan and GPTMS was measured to be 91% and maintained 
throughout the study 

SEM was utilized to examine the roughened surface morphologies and microtopographies of 
the hybrid coating films (Figure 5A). A common standardized acid-etching protocol was applied to 
bare titanium to achieve a roughened substrate topography. To coat these roughened Ti6Al4V 
substrates, a dip coating protocol was utilized that has been shown to effectively deposit thin films 
from hybrid sols [59–61]. The thinness of the hybrid coating films ensured that there was a degree of 
roughness attributed to their acid-etched substrates. The coated surfaces retained a degree of 
microscale roughness that has been shown to provide a positive topographical stimulus for cell 
interactions and bone apposition [62–64]. 

The accompanying EDX analyses and elemental mapping of silicon, oxygen, nitrogen, carbon 
and silver (Figure 5B–F)) showed their distribution across the coated surfaces. All elements were 
found to be homogeneously distributed throughout the coating matrix for all samples. The 
distribution of silicon (Figure 5B) confirmed the presence of silanol and siloxane networks in the 
hybrid coatings and their homogenous nature throughout the matrix. The distribution of nitrogen 
(Figure 5D) and carbon (Figure 5E) confirmed the presence of an organic chitosan network that was 
homogenously integrated throughout the coatings. Additionally, the detection of silver (Figure 5F) 
confirmed the successful incorporation and homogenous distribution of antimicrobial AgNPs 
throughout the coating matrix. 
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Figure 5. Scanning electron microscopy (SEM) and elemental (EDX) analysis of the 40% ChSi-nAg 
hybrid coating. SEM showed smooth undulating contours and microtopographies (A). EDX mapping 
detected a homogenous distribution of silicon (B), oxygen (C), nitrogen (D), carbon (E) and silver (F). 
The SEM/EDX analyses were representative and consistent across all coatings. Scale bar: 100 µm. 

The AgNPs was synthesized through supplementary procedures. Their nanoscale dimensions 
were confirmed by transmission electron microscopy (TEM). Micrographs (Figure 6A) showed that 
all synthesized nanoparticles were under 100 nm in size and UV spectroscopy (Figure 6B) confirmed 
the consistency of their colloidal suspensions. The PVP-capped nanoparticles synthesized in this 
study, were maintained within 10–20 nm and exhibited long-term colloidal stability in aqueous 
solutions, before being incorporated into the chitosan–silica hybrid sol–gel system for coating. 

 
Figure 6. Evaluation of synthesized AgNPs. (A) Transmission electron microscopy (TEM) confirmed 
nanoscale particle sizes. (B) UV spectroscopy of AgNP suspensions verified their consistency. 

Through the utilization of class II covalent coupling reactions, highly homogenous hybrid 
coatings were created. The homogenous coating matrices are consistent with enhanced mechanical 
properties. In contrast, coating materials that lack homogeneity have been shown to have inconsistent 
mechanical properties and result in areas across coating surfaces that have inconsistent resorption 
properties [65,66]. Indeed, a lack of homogeneity in the HAp coating materials that are currently 
available has limited their clinical usage and success. They have been shown to suffer from phase 
inconsistency and resultant discrepancies in their mechanical properties [67,68]. 

ATR-FTIR analyses were used to compare the variation in chemical properties between different 
coating blends (Figure 7). For pure chitosan, the peaks associated with the stretching of the primary 
and secondary amines were identified at 1526 and 1635 cm−1, respectively. As expected, these peaks 
decreased in intensity as the organic content of the hybrid coating blends decreased (80%, 60%, 40% 
and 20% ChSi), and were completely absent for the purely inorganic TEOS-based material. When 
comparing the intensity of these peaks for pure chitosan and the coupled chitosan samples 
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(Ch+GPTMS), there was a decrease observed in the relative intensities for the primary amine in 
chitosan and no change for the secondary amine. This showed that the coupling reaction had only 
occurred between the primary amine in chitosan and GPTMS, confirming the findings of 13C MAS-
NMR and the ninhydrin assay. 

Additionally, the incorporation of GPTMS into these hybrid materials was detected by the bond 
stretching associated with the epoxide group identified at 910 cm−1 (Figure 7). This epoxide peak was 
observed in pure coupled samples (Ch+GPTMS) and faintly in the more highly organic blends (80% 
and 60% ChSi). As the inorganic fraction increased, this peak was progressively eclipsed by the 
consequent stretching of the silanol species at 935 cm-1. The incorporation of silane species into the 
hybrid coatings was observed as peaks from the stretching of the Si–OH bond at 774 and 935 cm−1 in 
the hydrolyzed material and the stretching of the Si–O–Si bonds at 1065 cm−1 from condensed 
siloxane. As expected, the presence of these peaks became more prevalent as the organic content 
decreased in the hybrid coating blends. 

 
Figure 7. Infrared analyses of chemical structures in hybrid materials. Total reflectance Fourier 
transform infrared (ATR-FTIR) spectra of chitosan, chitosan coupled with 3-
glycidyloxypropyltrimethoxysilane (Ch+GPTMS), hybrid materials (80%–20% ChSi) and pure 
inorganic siloxane (condensed TEOS). There were more peaks attributed to chitosan and GPTMS  
(-NH, -NH2, Epox) for hybrid materials with higher organic content. Their chemical characteristics 
were more similar to a purely inorganic siloxane network (Si–O–Si, Si–OH), as the organic fraction 
decreased. 

3.2 Mechanical Properties 

For all biomaterials, surface interactions with surrounding physiological fluids that may include 
the adsorption of serum proteins, are an important determinant of subsequent cellular responses and 
the ingrowth of host tissues [69]. To predict these interactions, the measurement of water contact 
angles on the biomaterial surfaces are an effective metric. Surfaces with contact angles between 60° 
and 85° are intermediate in hydrophilicity, and have been shown to facilitate the most favorable 
interactions with host tissues through enhanced cell growth and proliferation [59,70,71]. 

All hybrid coatings that were developed in this study had an intermediate degree of 
hydrophilicity (Figure 8). The coating blend with the least organic content (20% ChSi) had the largest 
water contact angle and was a little more hydrophobic than the 60% ChSi blend, which had the 
smallest contact angle and was the most hydrophilic. However, these differences between the blends 
were small and not statistically significant (p > 0.05). However, all coatings had contact angles that 
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were larger than their uncoated acid-etched Ti6Al4V substrate and these differences were statistically 
significant (p < 0.05). Although the coating blends contained many hydrophilic chemistries due to 
their chitosan content and the remaining silanol linkages, the bare acid-etched Ti6Al4V substrates 
had a high degree of surface roughness, which enhanced their wettability. For such wettable surfaces 
(contact angles < 90°), an increase in surface roughness has been reported to enhance their 
hydrophilicity [72]. The acid-etching of Ti6Al4V substrates created numerous pits and valleys 
ranging in size from 10–40 µm (Figure 9), which enhanced their surface roughness and thereby their 
hydrophilicity. The deposition of coatings on these substrates partially filled these pits and valleys, 
which reduced their surface roughness and increased water contact angles. 

 
Figure 8. Water contact angles for coatings and titanium (Ti6Al4V) substrates. Static water contact 
angles (n = 5/surface) for all coatings and polished Ti6Al4V were similar with an intermediate degree 
of hydrophilicity. Contact angles for acid-etched Ti6Al4V were significantly (p < 0.05) lower and more 
hydrophilic. ns—not significantly different; *—statistically significant different. 

 
Figure 9. Scanning electron microscopy (SEM) of titanium (Ti6Al4V) substrates and coated surfaces. 
(A) Polished Ti6Al4V was flat with smoothly scalloped surfaces; (B) acid-etched Ti6Al4V had 
extensive surface fissures that created microscale roughness; (C) hybrid coating (60% ChSi) films on 
acid-etched Ti6Al4V substrates retained microtopographical features and surface roughness. SEM 
analyses were representative and consistent across all coatings. 

Biomaterial coatings also require adequate adhesive bond strength to their underlying 
substrates, which is an important parameter that is often overlooked in many studies. Poor adhesive 
strength may lead to delamination of the coating, which then causes inflammation, bone resorption, 
loosening of the fixtures and eventually the failure of intraosseous implants [73,74]. 

Initially, the adhesion of the hybrid coatings to Ti6Al4V substrates was evaluated by a cross-
hatch delamination protocol as described in ASTM D3359. This method provided a coarse assessment 
of overall coating adhesion. Additionally, the scoring of the coating materials imparted stresses 
within their structure, which manifest as extensive cracks and fissures across the surfaces of the 
purely inorganic controls (Figure 10C,D). The purely inorganic coatings were brittle, and cross-hatch 
testing had led to a widespread cracking of their thin films. In clinical applications, the impact of 
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sharp boney protrusions and/or surgical instruments could lead to a premature failure of such 
coatings in vivo [75]. In contrast, all hybrid coatings exhibited highly robust, intact and integrated 
surfaces, despite the surface scoring (Figure 10A,B). 

Additionally, more rigorous and quantitative evaluations of coating adhesion and risk of 
delamination were performed by adhesive tensile tests based on established protocols [55,76]. All 
coatings were assessed for their adhesion to both polished and acid-etched Ti6Al4V substrates 
(Figure 11). All hybrid coatings were significantly (p < 0.05) more adherent to acid-etched Ti6Al4V 
substrates than to polished titanium. Furthermore, all coating blends that contained AgNPs exhibited 
identical adhesion characteristics to those without these antimicrobial additives (excluded from 
figure to ensure clarity). As expected, acid-etching like other surface roughening pretreatments, 
enhances adherence to the modified substrate [77–79]. This has been attributed to the increase in 
bonding area by roughening pretreatments, which thereby enhance the mechanical adhesion of 
coatings to their substrates. However, purely organic chitosan control coatings showed only a small, 
statistically insignificant (p > 0.05) increase in adhesion to the acid-etched substrate compared to 
polished Ti6Al4V. This may have been due to the high viscosity of pure chitosan, which led to poor 
wetting of Ti6Al4V substrates, and lower overall mechanical adhesion compared to that of hybrid 
coating blends [79]. 

Among implant coating materials that are commercially available, plasma sprayed 
hydroxyapatite (HA) surfaces remain a gold standard for intraosseous applications. However, their 
preparations involve high temperatures and variable cooling cycles, which retain residual stresses 
that contribute to failures from adhesive forces of less than 10 MPa [80–82]. Therefore, the robust 
adhesion (16–18 MPa) for all hybrid coatings deposited on acid-etched Ti6Al4V that were developed 
in this research, warrant further study. 

 
Figure 10. Microscopic examination of coatings in cross-hatch tests of adhesion. (A,B) Coating (60% 
ChSi) surfaces were unblemished by full-depth incisions in the standardized cross-hatch adhesion 
protocol; (C,D) inorganic siloxane material (control) developed extensive arrays of surface cracks and 
fissures from the same cross-hatch testing protocol. Adhesion of the 60% ChSi coating blend was 
representative and consistent across all hybrid coatings. 
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Figure 11. Adhesive tensile strengths of coatings and chitosan on titanium (Ti6Al4V) substrates. All 
hybrid coatings (n = 3/surface) had significantly (p < 0.05) more adhesion to acid-etched than to 
polished Ti6Al4V substrates. All hybrid coatings were more adhesive than pure chitosan to both 
polished and acid-etched Ti6Al4V. *—statistically significant difference 

3.3 Antimicrobial Properties 

As bacterial infections are the most common cause of implant failure [7–9], the application of 
antimicrobial surface coatings may afford a valuable feature for implantable materials. Therefore, the 
coatings in this study were prepared with chitosan as the main organic constituent, which naturally 
displays some antimicrobial activity. Additionally, some of these coatings were loaded with AgNPs 
as additives that could further enhance their antimicrobial effects. Antimicrobial efficacies were 
evaluated on S. aureus and E. coli cultures, which are common Gram-positive and Gram-negative 
bacterial pathogens, respectively, associated with various bodily infections. 

Interestingly, the S. aureus and E. coli cultures were only minimally affected by the base coatings 
that had not been loaded with AgNPs (Figure 12). However, E. coli growth was markedly reduced 
over 24 h, and S. aureus growth was completely suppressed for 24 h, with all coatings that contained 
AgNPs. 

 
Figure 12. Inhibition of bacterial growth in planktonic cultures. There was a (A) marked reduction in 
E. coli growth and (B) complete inhibition of S. aureus grown in the presence of 80% ChSi-nAg 
compared to 80% ChSi. This inhibition of bacterial growth by 80% ChSi-nAg was representative and 
consistent for all hybrid coatings that contained AgNPs. 
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The quantitative assessments of these bacterial cultures following 24 h incubations with hybrid 
coatings showed that there had been some inhibition by all coatings, when compared to uncoated 
titanium controls (Figure 13). The planktonic E. coli and S. aureus cultures were almost completely 
inhibited (80%–100% and 75%–77%, respectively) by the presence of coatings that had been loaded 
with AgNPs. Indeed, coatings loaded with AgNPs were significantly (p < 0.05) more effective than 
base coatings without AgNPs, which had only minimal antibacterial effects (<30%). These results 
indicated that release-based mechanisms were involved in the antimicrobial properties of the hybrid 
coatings. They were bacteriostatic and/or bactericidal effects on some of the most common bacterial 
pathogens that cause opportunistic infections. 

Additionally, coatings loaded with AgNPs appeared to have been more effective against E. coli 
cultures, than S. aureus. This difference may have been due to the release-based antimicrobial action 
of AgNPs through the different cell wall structures of these bacteria. Unlike Gram-negative E. coli 
planktonic cells, Gram-positive bacteria such as S. aureus are protected from their external 
environment by much thicker peptidoglycan layers within their cell walls [83]. These cell walls may 
have partially limited the internalization of AgNPs and retarded their release-based action. Similarly, 
previous studies have reported that Gram-negative bacteria experienced more membrane damage 
and oxidative stress in response to the release-based action of AgNPs, than Gram-positive bacteria 
[84–86]. 

 
Figure 13. Inhibition of bacterial cultures by hybrid coatings with (+) and without (−) AgNPs. (A) E. 
coli and (B) S. aureus cultures were inhibited by incubation (24 hours) with all hybrid coatings, 
compared to uncoated titanium (Ti6Al4V) controls. There was little inhibition from base coatings 
without AgNPs, but significantly (p < 0.05) more and almost total inhibition for coatings loaded with 
AgNPs. 

In addition to the virulence of planktonic cells within bacterial cultures, these pathogens can be 
particularly pernicious due to their formation of highly adherent biofilms on biomaterial surfaces. In 
contrast to cells suspended in culture, bacteria encased within biofilms are highly resistant to 
mechanical dislodgement and antibiotic treatment [8,10]. Therefore, E. coli and S. aureus biofilm 
formation on coatings were carefully compared to uncoated Ti6Al4V controls for inhibitory effects. 

Indeed, both E. coli and S. aureus were clearly inhibited for at least 24 h in their formation of 
biofilms on all hybrid coatings, compared to uncoated Ti6Al4V controls (Figure 14). Base coatings 
alone were moderately effective at inhibiting E. coli biofilm formation on their surfaces (31%–50%) 
and were even more effective against S. aureus (38%–80%). However, the coatings loaded with AgNPs 
were markedly more effective at inhibiting E. coli biofilm formation (60%–95%), and almost 
completely effective against S. aureus (90%–95%). The coatings with AgNPs were significantly (p < 
0.05) more effective than their unloaded controls for all blends, except those that had a high organic 
chitosan content. This accompanied the positive trend of greater antimicrobial activity with 
increasing chitosan content. As chitosan is a naturally antimicrobial polysaccharide, its role in the 
coating network was expected to have had this effect on both the inhibition of biofilm formation and 
the inhibition of bacterial cultures [87]. 

The larger inhibition of S. aureus compared to E. coli biofilms contrasted with the reduced 
susceptibility of S. aureus than E. coli cells in culture. This may have been due to differences in their 
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development of extracellular polymeric substances (EPS). Mainly composed of polysaccharides and 
proteins, the EPS produced by sessile colonies of bacteria has been shown to be a key component in 
their resistance to antibiofilm agents such as cationic peptides and metal ions [88]. Additionally, the 
EPS production of sessile colonies has been shown to be enhanced when colonies adhere to toxic 
surfaces [89]. Therefore, the sessile colonies of E. coli may have provided some resistance to the 
coatings by producing more EPS during biofilm formation. Indeed, prior studies have reported that 
E. coli exhibit rapid EPS formation when compared to their Gram-positive counterparts, leading to a 
more effective resistance in their sessile state [84,90]. 

 
Figure 14. Inhibition of bacterial biofilm formation on hybrid coatings with (+) and without (−) 
AgNPs. (A) E. coli and (B) S. aureus biofilm formation (24 h) were inhibited on all hybrid coatings, 
compared to uncoated titanium (Ti6Al4V) controls. Inhibition of biofilm formation was greater on 
coatings that contained AgNPs and was generally more on coatings with higher organic content. 
There was near complete inhibition of S. aureus biofilms on all hybrid coatings that contained AgNPs. 

4. Conclusion 

In this study, chitosan–silica class II hybrid materials were developed as thin film coatings for 
implantable Ti6Al4V surfaces. Additionally, the hybrid coatings were effectively loaded with AgNPs 
for antimicrobial applications. Their chemical structures and composition were confirmed by MAS-
NMR, FTIR and EDX analyses. Surface microtopographies, mechanical properties and wettability 
were evaluated by SEM, adhesive tensile testing and water contact angles. Antimicrobial properties 
were assessed in E. coli and S. aureus cultures and on their biofilm formation. 

The hybrid coatings demonstrated strong covalent linkages between their organic chitosan 
backbone and the silica inorganic network. There was a homogenous dispersion of elements, 
including AgNP additives, across their surfaces. Hybrid coatings demonstrated a robust resistance 
to fracture and dislodgement and were highly adherent to acid-etched Ti6Al4V substrates, especially 
when compared to purely organic or inorganic materials. They exhibited moderate levels of 
roughness, microtopography and wettability when compared with uncoated Ti6Al4V surfaces. All 
hybrid coatings displayed some antimicrobial effects and greater organic chitosan content was 
associated with increased bacterial inhibition. Additionally, coatings loaded with AgNPs showed 
marked inhibition of planktonic bacteria and their biofilms, with near complete inhibition of E. coli 
cultures and of S. aureus biofilm formation. These robust, retentive and antimicrobial coatings for 
implantable titanium materials were based on rudimentary chitosan–silica coupling processes, which 
may afford a novel strategy for biomaterial applications. 
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