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Abstract 

Hybrid, organic-inorganic, biocidal films, exhibiting self-polishing properties, were developed 

as effective long-lasting antimicrobial surface coatings. The films were prepared using 

cationically modified chitosan, synthesized by the reaction with3-bromo-N,N,N-

trimethylpropan-1-aminium bromide, to introduce permanent biocidal quaternary ammonium 

salt (QAS) groups along the polymer backbone, and were cross-linked by a novel, pH-

degradable acetal-based cross-linker, which enabled the pH-responsive self-polishing of the 

hybrid coatings. TiO2 nanoparticles, modified with reduced graphene oxide (rGO) sheets, to 

narrow their band gap energy value and shift their photocatalytic activity in the visible light 

regime, were introduced within the polymer film to enhance its antibacterial activity. The 

hybrid coatings exhibited an effective biocidal activity in the dark (98% killing of Gram-

negative and 99.9% killing of Gram-positive bacteria), when only the cationic polymer sites 

interacted with the bacteria membrane, and an excellent biocidal action upon visible light 

irradiation (99,999% killing of Gram-negative and 99.9999% killing of Gram-positive 

bacteria) due to the synergistic antimicrobial effect of the QAS moieties and the rGO-modified 

TiO2 nanoparticles. Finally, a gradual decrease in the film thickness was found, when the 

coatings were immersed in mildly basic (pH 8), neutral (pH 7) and acidic (pH 6) media, 

reaching 10, 20 and 70 % reduction, respectively after 60 days immersion time, verifying the 

self-polishing behavior of the coatings and the renewal of their antimicrobial surface.

Keywords: quaternized chitosan, TiO2, reduced graphene oxide, acetal-based cross-linker, 

biocidal surfaces, self-renewable antimicrobial coatings
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Introduction

Microbial infectious diseases often occur as a result of the contamination of surfaces by a 

plethora of pathogens, and constitute a growing threat to human health, with major risks in 

food packaging and storage, water filtration-purification, household sanitation and the 

biomedical field. Bacterial biofilm formation has been identified as the profound event of 

microbial contaminated surfaces. This emerging threat has triggered research towards the 

development of effective, long-lasting and environmentally friendly bacteria elimination 

surfaces.1-4

Initial studies have focused on antifouling coatings that repel the microorganisms, preventing 

their attachment on the surface and thus the formation of the biofilm. Superhydrophilic and 

superhydrophobic surfaces have been reported to present such a barrier for bacteria adhesion, 

however, these surfaces do not eliminate the problem of bacterial contamination, but rather 

relocate it to an unmodified surface site.5-6

A more effective approach for the development of antimicrobial surfaces employs materials 

that can kill the microorganisms.7 Such surfaces are known as biocidal surfaces or 

antimicrobial surfaces with biocidal activity. The contact killing action of biocidal surfaces is 

induced by the interaction of biocidal moieties present on the surface with the outer cell 

membrane of the microorganisms, leading to its destabilization and disruption, and therefore 

to the necrosis of the bacteria.8 A plethora of inorganic and organic materials have been 

developed for use as effective biocidal systems. The former include metal and metal oxide 

nanoparticles, such as silver, gold, copper, ZnO and TiO2.9-13 Photocatalytic TiO2 nanoparticles 

have been systematically investigated in the recent years, exhibiting certain advantages, such 

as a broad spectrum of antimicrobial action against Gram-positive and Gram-negative bacteria 

and fungi, commercial availability and low cost.14-15 However, an important disadvantage of 

TiO2 is its large band gap energy (~ 3.2 eV) which requires the use of UV light to activate its 
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antimicrobial action.16-17 On the other hand, organic biocidal materials comprise antimicrobial 

peptides, natural products, polymers, and others.18-20 Synthetic antimicrobial polymers with 

biocidal properties are usually cationic polyelectrolytes, based on quaternary phosphonium and 

ammonium salt moieties, which kill the microbes by disrupting their negatively charged 

membrane.21 They provide significant benefits for the development of antimicrobial surfaces, 

such as chemical stability, facile processing, a broad spectrum of antimicrobial effectiveness 

and long-lasting activity.22 However, they also possess important disadvantages, i.e. low 

biocompatibility for mammalian cells, non-degradability, complex synthesis and high cost. 

Natural polymers have emerged as an important class of materials to address the above 

challenges, because they combine biocompatibility, biodegradability, commercial availability 

and low cost, rendering them ideal candidates for use in antimicrobial surfaces.23-24 Among 

them, chitosan is a naturally abundant biopolymer with promising antimicrobial properties.25 

Chitosan is insoluble in basic and neutral water, but dissolves in acidic media, upon the 

protonation of the primary amine groups along the polymer chain.26 These positively charged 

polymer moieties can effectively interact with the anionic cell membrane of the pathogenic 

microorganisms, causing its destabilization, which leads to pathogen necrosis.27-29 The use of 

chitosan in the development of antimicrobial surfaces has been extensively reported,30-32 

however, its antimicrobial activity is only effective in acidic environments, at which the 

polymer acquires a positive charge, and deteriorates in neutral and basic media, when the amine 

groups are neutral.33 To address the above limitation, and improve the antimicrobial properties 

of chitosan, its modification to bear permanent cationic sites along the polymer chain has been 

proposed via quaternization, carboxymethylation, and cationization reactions.34

A major drawback of contact-killing antimicrobial surfaces is the deterioration of their 

effectiveness with time, due to the accumulation of the debris of the killed bacteria, which 

hinders the effective interaction of the surface with alive bacteria. To overcome the problem of 
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dead bacteria deposition, a promising “kill-and-release” strategy has been proposed, for the 

development of surfaces with long-term antibacterial activity.35-36,37-42 In this approach, an 

appropriate stimulus is employed to release dead bacteria and the debris from the surface, 

providing a promising solution for the prevention of initial bacterial attachment and subsequent 

biofilm formation. Wang et al.43 developed a smart antibacterial surface exhibiting NIR-

induced photothermal killing, based on a tannic acid/Fe complex, and a thermally triggered 

release of the dead bacteria, due to the lower critical solution temperature transition of poly(N-

isopropylacrylamide) grafted chains on the surface. In another study, Yan et al.44 prepared a 

bacteria-responsive antimicrobial surface based on an antimicrobial peptide (AMP) inner layer 

and a poly(methacrylic acid) (PMAA) outer layer. The hydrated PMAA layer resisted initial 

bacterial attachment, whereas, upon microbial colonization on the surface, the bacteria-

triggered acidification or the PMAA layer caused its collapse and the exposure of the 

underlying bactericidal AMP layer, which killed the attached bacteria. 

In the present work, we report the development of a hybrid coating presenting excellent 

biocidal efficacy, and the ability to self-polish, and therefore regenerate its outer surface, 

overcoming the severe problem of dead bacterial deposition. The coating comprises chitosan, 

modified with N,N,N-trimethylpropan-1-aminium bromide to introduce permanent cationic 

biocidal groups along the polymer chain, and TiO2 nanoparticles, modified with reduced 

graphene oxide (rGO),to narrow their band gap energy and shift their photocatalytic activity in 

the visible light regime. The hybrid coating was cross-linked using a novel acid-degradable, 

acetal-based cross-linker, which reacted with the free amine functionalities of chitosan. The 

hybrid films were assessed in terms of their antibacterial action in the dark and under visible 

light irradiation. The self-polishing behavior of the films, to remove the contamination induced 

by the dead bacteria deposition, and renew their top surface, was studied as a function of the 

pH of the medium. 
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6

Experimental Section

Materials

All reagents were of analytical grade and were used as received. Chitosan (degree of 

deacetylation (DD) 85%) was purchased from Glentham Life Sciences and 3-bromo-N,N,N-

trimethylpropan-1-aminium bromide was obtained from Fluorochem. Sodium hydroxide, 

tri(ethylene glycol) divinyl ether, 2-bromoethanol, pyridinium p-toluenesulfonate, hydrogen 

peroxide, sulfuric acid, (3-glycidyloxypropyl)trimethoxysilane (GOPTES), 

titanium(IV)isopropoxide (TIP), sodium nitrate, graphite, potassium permanganate, tryptone, 

sodium chloride, yeast extract, PBS, sodium cacodylate and all solvents used were purchased 

from Sigma Aldrich. The Live/Dead BacLight bacterial viability kit L7012 was obtained from 

Molecular Probes. Dialysis membranes with molecular weight cut-off (MWCO) 3500 g/mol 

were supplied from Medicell Membranes Ltd. Milli-Q water, obtained from a Millipore 

apparatus, with a resistivity of 18.2 MΩ.cm at 298 K was used for all experiments.

Modification of chitosan

Chitosan (2 g) was dispersed in 30 ml water at 85°C. 3-bromo-N,N,N-trimethylpropan-1-

aminium bromide (2 g)was dissolved in water (10 ml) and was added in the chitosan dispersion. 

After stirring for 8h, the reaction became clear and attained a light-yellow color. Next, the pH 

was adjusted to 9 by the addition of NaOH (5M), which led to an increase of the turbidity of 

the solution, before adding another 10 ml of the aqueous 3-bromo-N,N,N-trimethylpropan-1-

aminium bromide solution. After 10 h, the reaction mixture became clear again, and was 

dialyzed (MWCO 3500 g/mol), first against water for 2 days, then against aqueous NaOH (0.05 

M) for 1 day, and finally against water for another 2 days, to remove the unreacted 3-bromo-

N,N,N-trimethylpropan-1-aminium bromide. The product was isolated by precipitation in 

acetone, was filtered and was dried under vacuum for 24 h before use. 
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7

Synthesis of the acetal-based cross-linker 

The synthesis of the acetal-based cross-linker was carried out by the catalyzed reaction of 2-

bromoethanol with tri(ethylene glycol) divinyl ether to form the acetal linkages. For this, 2-

bromoethanol (1.4 ml, 20 mmol) and tri(ethylene glycol) divinyl ether (2.0 ml, 10 mmol) were 

dissolved in 30 mL anhydrous tetrahydrofuran to obtain a 1.0 M solution. Next, a catalytic 

amount of pyridinium p-toluenesulfonate (1mol% with respect to tri(ethylene glycol) divinyl 

ether) was added in the reaction, and the solution was allowed to stir at room temperature for 

24 h. Finally, the solution was neutralized with triethylamine, was passed through a basic 

alumina column to remove the catalyst, and the solvent was evaporated under vacuum to obtain 

the pure product.

Synthesis of rGO-modified TiO2 nanoparticles

The procedure for the synthesis of the TiO2 nanoparticles was adapted from the work of Wang 

et al.45 Briefly, TIP (4 mL) was dissolved in 4 mL ethanol and the solution was added dropwise 

in 30 mL 1:2 EtOH:H2O mixture (water:alkoxide molar ratio ~80) under vigorous stirring. The 

turbidity of the solution increased instantly and the dispersion was left under stirring for 2 h. 

Next, the TiO2 nanoparticles were filtered, and were washed five times with ethanol and twice 

with H2O, before being dried in a vacuum oven. Finally, crystallization of the amorphous TiO2 

nanoparticles to the anatase phase was induced by thermal annealing at 600 °C for 2 h under 

air, at a heating and cooling rate of ∼5 °C/min. 

Graphene oxide was synthesized from graphite by a modified Hummers’ method.46 

Hydrothermal treatment was employed for the modification of the TiO2 nanoparticles with 

rGO.47 First, the TiO2 nanoparticles were dispersed in a1:2 EtOH:H2O mixture by ultrasonic 

treatment, while an aqueous GO suspension was prepared by ultrasonic treatment of GO in 

water (0.5 mg GO/ml H2O) for 1 h. Next, an appropriate volume of the GO suspension was 
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added to the TiO2 dispersion, to obtain a 4 wt% loading of GO onto the TiO2 nanoparticles, 

and the mixture was stirred for 2 h. Finally, the GO-modified TiO2 nanoparticles were 

hydrothermally treated at 120 °C for 24 h in a teflon-lined stainless-steel autoclave, to reduce 

GO to rGO.

Preparation of the hybrid films

The silicon and glass substrates used for the deposition of the hybrid films, were modified to 

bear surface epoxy anchoring units. For this, the substrates were first sonicated in 2-propanol 

for 10 min, dried with nitrogen and then cleaned with a freshly prepared 1:1 v/v H2SO4/H2O2 

piranha solution (Caution! Piranha solution reacts violently with organic matter) for 30 min to 

remove any organic residues and increase the density of the reactive silanol groups on the 

surface. Next, the clean surfaces were rinsed extensively with water to completely remove the 

piranha solution. The substrates were dried under a nitrogen stream and were placed in a 1 

v/v% solution of GOPTES in anhydrous toluene at 25 ºC. After 24h, the substrates were 

removed from the solution, washed with toluene and 2-propanol, to remove the unattached 

GOPTES molecules, followed by drying at 120 ºC under a nitrogen stream for 30 min. 

The hybrid films were prepared on freshly cleaned and epoxy functionalized substrates as 

following: modified chitosan was dissolved in a 1:1 EtOH:H2O mixture to yield a 5 wt% 

solution. Next, a 10 w/v% solution of the acetal-based cross-linker in ethanol was added at a 5 

mol% cross-linker with respect to the moles of the chitosan repeat units, followed by the 

addition of 2 wt% rGO-modified TiO2 nanoparticles (as a 0.2wt% dispersion in 1:1 EtOH:H2O) 

with respect to chitosan. The final concentration of the solution was adjusted to 0.1 w/v% solids 

by the addition of a 1:1 EtOH:H2O mixture. The hybrid films were prepared by drop casting 

the above solution on the substrates followed by baking at 50 °C on a hotplate to remove the 

solvents. Finally, the films were cured at 110 oC overnight in a vacuum oven and were next, 
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9

sonicated in ethanol for 5 min to remove any uncross-linked polymer before being dried under 

a nitrogen steam.

Characterization

Nuclear Magnetic Resonance (NMR) Spectroscopy

Proton Nuclear Magnetic Resonance (1H NMR) spectra were measured using a Bruker 

Advance DPX 300 NMR Spectrometer (300 MHz) at 25 oC. 99.9% deuterium oxide (D2O) or 

99.9% deuterated chloroform (CDCl3) were used as the solvents.

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy

ATR-FTIR spectra of the rGO-modified nanoparticles and the hybrid films on silicon 

substrates were recorded in the 4000-400 cm-1 range with a resolution of 4 cm-1 using a Perkin 

Elmer, Model Frontier, FTIR spectrometer. In the self-polishing experiments of the hybrid 

coatings, the film thicknesses, following immersion in water of different pH values, were 

calculated by the decrease of the intensity of the peak at 1107 cm-1 which corresponds to the 

C-O-C stretching vibration attributed to chitosan and the acetal cross-linker.

Film thickness measurements

Ellipsometric measurements were performed on a variable angle spectroscopic ellipsometer 

(SE) (model VASE, J. A. Woolam Co., Inc.) to determine the thickness of the hybrid coatings. 

The angle of incidence was set to 70oin the 450-1200 nm wavelength range. An average of five 

readings, collected from different locations of the sample, is reported.
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10

Water contact angle measurements

Wettability was assessed by static water contact angle (WCA) measurements using a contact 

angle goniometer (OCA-40, Dataphysics) and the sessile drop method. A 5 μl droplet of 

nanopure water was used and the contact angles were calculated from the digital images of the 

water droplets deposited on the surfaces, recorded by a camera, using the appropriate software. 

All data are expressed as the mean values from triplicate experiments taken after drop 

equilibration. 

X-ray Diffraction

X-ray diffraction (XRD) patterns of the TiO2 and rGO-modified TiO2 nanoparticles were 

measured on a PANalytical Xpert Pro X-ray diffractometer, using Cu Kα radiation (45kV and 

40 mA).

Field Emission Scanning Electron Microscopy (FESEM)

Field emission scanning electron microscopy (FESEM) images were captured using a JEOL 

JSM-7000F field emission microscope at an accelerating voltage of 15 kV to visualize the 

morphology of the samples. A drop of the TiO2 and rGO-modified TiO2 nanoparticles was 

deposited on a glass slide and was dried overnight at room temperature. The dried samples 

were sputter-coated (SCD 050 Bal-Tec) with a 10 nm thick layer of Au to minimize charging 

during the measurements. The preparation of the bacteria samples for FESEM analysis is 

described below.

UV/Vis diffuse reflectance and UV/vis spectroscopies

UV/Vis diffuse reflectance spectra of the bare and the rGO-modified TiO2 nanoparticles were 

measured using a Shimadzu UV-2401 PC spectrophotometer equipped with an ISR-240A 
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11

integrating sphere. A thin layer of the powder sample was deposited on the BaSO4 reference 

material and the measurements were conducted in the 300-800 nm wavelength range.

UV/Vis absorption spectra of the hybrid films were obtained on a Perkin Elmer Lambda 25 

spectrophotometer using quartz as the substrate. For all samples, the spectra were recorded 

between 200 and 500 nm at a1 nm interval. 

Preparation of the Luria-Bertani medium and the Luria-Bertani agar plates

For the preparation of the Luria-Bertani (LB) medium, 1.0 g tryptone, 1.0 g sodium chloride 

and 0. 5 g yeast extract were dissolved in 100 ml water and the solution was autoclaved. After 

cooling down, the LB medium was stored at RT. For the preparation of the LB agar plates, 5 g 

tryptone, 5 g sodium chloride, 2.5 g yeast extract and 7.5 g agar were dissolved in 500 ml water 

and the solution was autoclaved. After cooling down to 40-45 ºC, 20 ml solution were poured 

into sterile plates of 10 cm diameter. The LB agar plates were conditioned at 4 ºC, for a 

maximum period of 1 month. 

Antibacterial Tests

Two bacterial strains, Bacillus cereus (B. cereus) ATCC 14579 and Escherichia coli (E. coli), 

were chosen in the present study, as representative Gram-positive and Gram-negative bacteria, 

respectively. Both strains, were grown aerobically overnight in LB medium from frozen stocks. 

B. cereus and E. coli were cultivated, by streaking on LB agar plates followed by incubation at 

37 ºC for 24 h. Next, individual colonies were obtained and were incubated in 3 ml LB culture 

medium. Both strains were shaken at 37 ºC for 24 h, and were next diluted with LB to obtain 

a predetermined concentration of 1 × 108 colony-forming units (CFU)/ml. The concentration 

of the bacteria was verified by serial dilutions and spreading onto agar plates, followed by the 

enumeration of the bacterial colonies. The antimicrobial activity of the hybrid films was 
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12

determined by measuring the CFU by the plate counting method (PCM), after 5 h contact of 

the bacteria with the films in the dark or under visible light irradiation (led light at 4000 K 

adjusted to 400 LUX) at 37 oC and is reported as the log reduction of the alive bacteria cells. 

Glass substrates were used as control surfaces under the same conditions. The samples were 

sterilized by immersion in ethanol and were dried by heating at 100 oC for 30 min. The samples 

were transferred to a sterile 12-well plate using sterilized forceps. 100 μl of the initial bacteria 

culture in PBS were deposited onto each sample. The samples were incubated in a thermostated 

cell culture chamber at 37 oC under a humidified atmosphere for 5 h in the dark or under visible 

light irradiation. Subsequently, both the suspension and the hybrid surface were placed in a 

falcon with glass sieves and were vortex stirred until the complete wreckage of the substrate. 

The suspension was diluted with PBS and 100 μl of each decimal dilution was spread onto 

sterile LB agar plates. The LB plates with the bacterial suspensions were incubated at 37 oC 

for 20 h to give visible colonies, which were enumerated to obtain the number of alive bacteria. 

Fixation of bacteria for SEM analysis

The samples for FESEM were fixed with 2.5 % glutaraldehyde (GDA) in phosphate-buffered 

saline (PBS) at 4 ºC for 2 h and were dehydrated by gradually increasing the ethanol 

concentration from 30 to 100%. Next, the samples were dried, using a critical point dryer (CPD 

030 Bal-Tec), and were finally sputter-coated (SCD 050 Bal-Tec) with a 10 nm thick layer of 

Pd-Au to minimize charging during the measurements.

Confocal Laser Scanning Microscopy (CLSM)

A spectral confocal laser scanning microscope (Leica DMi8 confocal microscope equipped 

with a green laser, red laser and analysis software LASXSmall3.7.1) and a Live/Dead BacLight 

bacterial viability kit L7012 (Molecular Probes) were used for the determination of the 
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13

live/dead attached bacteria onto the substrates. The attached bacteria were stained with a 1:1 

v/v SYTO 9 dye (3.34 mM):propidium iodide (20 mM) in 0.85wt% NaCl. The SYTO 9 stain 

labels all bacteria, whereas propidium iodide penetrates the bacteria with a damaged 

membrane, thereby staining only the dead bacteria. Therefore, the SYTO 9 fluorescence is 

reduced when both dyes are present. After staining, the samples were incubated at room 

temperature in the dark for 15 min and were subsequently examined by CLSM. 

Results and Discussion 

Material Synthesis and Coating Preparation

Deacetylated chitosan (85% degree of deacetylation) was modified to bear quaternary 

ammonium salt (QAS) moieties, via a nucleophilic substitution reaction between 3-bromo-

N,N,N-trimethylpropan-1-aminium bromide and the primary amine groups of the polymer, 

which leaves the hydroxyl groups of chitosan intact. The latter are known to play an important 

role in the biological activity of chitosan and its derivatives.48 The fraction of alkylated amine 

groups was calculated from the 1H NMR spectra of the modified polymer (Figure S1). The 

presence of an intense singlet at 2.9 ppm in the spectrum of the modified chitosan, attributed 

to the trimethylammonium protons, verified the successful substitution reaction. The degree of 

modification was calculated by ratioing the integrals of the D protons at 4.5 ppm, which 

correspond to the acetylated, deacetylated and alkylated monomer repeat units of chitosan, over 

the protons of the trimethylammonium group at 2.9 ppm, and the methyl protons of the 

acetylated units at 1.75 ppm. The final product comprised 15 mole% acetylated, 13 mole% 

deacetylated and 72 mole% alkylated monomer repeat units, signifying a high degree of 

modification and the presence of a large number of positively charged moieties along the 

polymer chain. 
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Next, an acetal-based bifunctional alkyl halide was designed and synthesized to be used as the 

cross-linker to chemically link the modified chitosan chains in the hybrid films and form a 

water insoluble polymer network. The acetal-based cross-linker was synthesized by the 

nucleophilic addition of 2-bromoethanol to tri(ethylene glycol) divinyl ether (Figures 1a and 

S2).

Figure 1: Schematic representation of the synthetic procedure followed for the preparation of 

the acetal-based cross-linker (a) and the degradation reaction of the cross-linker (b). 

The polar tri(ethylene glycol) moiety of the cross-linker renders it soluble in the EtOH:H2O 

mixture used to dissolve the modified chitosan. Furthermore, the cross-linker comprises two 

alkyl bromide functional groups which can react with the amine groups of chitosan, via an 

amine alkylation reaction, leading to the cross-linking of the polymer chains. Finally, the two 

acetal bonds of the cross-linker are well-known in the literature to hydrolyse under mildly 

acidic conditions to produce acetaldehyde and hydroxy compounds (Figure 1b). 

rGO-modified TiO2 nanoparticles were prepared by hydrothermal treatment and were 

characterized by SEM, ATR-FTIR and diffuse reflectance UV/vis spectroscopies as well as 

XRD measurements. The bare TiO2 nanoparticles presented a spherical morphology with an 
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average diameter of ~60 nm by SEM (Figure S3a). After the modification of TiO2 with rGO 

the successful attachment of the titania nanoparticles onto the graphitic sheets was verified by 

SEM (Figure S3b). 

The ATR-FTIR spectra of the bare TiO2 and the rGO-modified TiO2 nanoparticles are shown 

in Figure S4. A characteristic band at ∼450 cm-1 was observed in both spectra, assigned to the 

bending and stretching vibrations of the Ti–O and Ti–O–Ti framework bonds. For the rGO-

modified TiO2 nanoparticles, a new peak appeared at 1615 cm-1, attributed to the C=C skeletal 

vibration mode of the graphitic domains, and two small peaks at ~1220 and 1430 cm-1, assigned 

to the C-O-C and C-OH vibration modes, respectively, signifying the presence of a few 

remaining oxygen containing functionalities after the reduction of GO. In the XRD patterns of 

the samples, the characteristic diffraction peaks of the TiO2 anatase phase were detected before 

and after modification with the graphitic sheets (Figure S5). However, the diffraction peaks of 

rGO were not evident after the surface modification of TiO2, because rGO exhibits a main peak 

at 24.5°, which overlaps with the TiO2 peak at 25.4°. More importantly, the surface 

modification of TiO2 with the graphitic sheets induced a red shift in the absorption edge of 

TiO2, resulting in a band gap energy narrowing from 3.2 eV, for the bare TiO2 nanoparticles, 

to 3 eV for the rGO-modified TiO2 nanoparticles (Figure S5), which extends the absorption of 

the composite material in the visible range of the spectrum. 

The hybrid material was prepared by the addition of an appropriate amount of the rGO-

modified TiO2 nanoparticle dispersion, in a 1:1 EtOH:H2O mixture, to a solution of modified 

chitosan in the same solvent. The mixture was stirred and sonicated for at least 10 min to ensure 

the complete dispersion of the rGO-modified TiO2 nanoparticles. Next, a solution of the cross-

linker in methanol, was added. The composition of the material was 2wt% rGO-modified TiO2 

nanoparticles with respect to the modified chitosan and 5mol% cross-linker with respect to the 

monomer repeats units of the biopolymer. Following dilution with a 1:1 EtOH:H2O mixture to 
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obtain a 1 mg mL−1 concentration, the solution of the hybrid material was drop-casted onto 

glass substrates modified with GOPTES, which enables the covalent binding of the polymer 

onto the substrate. After solvent evaporation, the samples were baked at 110 oC overnight, to 

promote the reaction of the alkyl bromide functionalities of the cross-linker with the free amino 

groups of chitosan and form the polymer network. Simultaneously, the amine groups of 

chitosan reacted with the glycidyl groups of the substrate to covalently bind the hybrid coating 

on the substrate. After washing with ethanol, films of 400-700 nm thickness, as determined by 

ellipsometry, were obtained. The water contact angles on the hybrid films were measured at 

~40o signifying a moderately hydrophilic surface.

The UV/vis spectra of the hybrid films exhibited an increase in the absorbance below 450 nm, 

suggesting the successful incorporation of the rGO-modified TiO2 nanoparticles within the 

modified chitosan matrix (Figure 2). 

200 300 400 500
0

1

2

A
bs
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e
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Figure 2: UV-Vis spectra of the cross-linked modified chitosan film (red solid line) and the 

cross-linked hybrid thin film (black dashed line).
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Antimicrobial activity of the hybrid films

The antimicrobial activity of the hybrid thin films in the dark and under visible light irradiation 

was evaluated using the PCM. Two representative Gram-positive and Gram-negative bacteria, 

B. cereus and E. coli, respectively were tested. A bacterial suspension of 108 CFU/ml was used 

for both bacteria strains and was inoculated on the sample surfaces at 37 °C for 5 h. A bare 

glass substrate was used as the control surface. 

Figure 3 shows the logarithmic reduction in bacteria growth for both bacterial strains (B. cereus 

and E. coli) after 5 h contact with the hybrid coatings in the dark and under visible light 

irradiation. For B. cereus, the hybrid coatings exhibited a ~3log reduction of the viable bacteria 

in the dark, signifying a strong biocidal action, whereas for E. coli, the bacterial reduction was 

slightly lower at ~1.8log. The lower antimicrobial activity against the Gram-negative 

microorganisms is attributed to its much-complicated cell membrane comprising an extra 

peptidoglycan layer, which seals a higher protection to the integrity of the bacteria structure.49-

50 On the other hand, under visible light irradiation, the antibacterial activity of the hybrid 

coatings was significantly enhanced to 6log and 5log reduction in the growth of B. cereus and 

E. coli, respectively (Figure3), verifying the strong biocidal activity of the rGO-modified TiO2 

nanoparticles in the hybrid film. The pronounced antimicrobial activity of the hybrid coatings 

under visible light irradiation is attributed to the combined action of the positively charged 

QAS moieties of chitosan, which interact with the negatively charged bacterial cell membranes, 

causing their destabilization, and the reactive oxygen species (ROS) produced by the rGO-

modified TiO2 nanoparticles, which cause the oxidative damage of the cell membrane, cell 

distortion and lysis and eventually cell death. This “synergistic” antibacterial effect promotes 

a very strong contact-killing activity of the films against bacterial infections.
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Figure 3. Bactericidal activity of the hybrid coatings after 5 h contact with B. cereus (gray 

bars) and E. coli (blue bars) at 37 oC in the dark and under visible light irradiation. Each bar 

represents the log reduction from 3 different experiments carried out in duplicates (mean ± 

SD). 

SEM was used to monitor the morphological changes of the bacteria after 5 h contact with the 

hybrid coatings and thus to elucidate the mechanism of antimicrobial action. Figure 4 shows 

typical SEM images of E. coli and B. cereus attached on a glass substrate following visible 

light irradiation and on the hybrid coatings in the dark and after visible light irradiation. Intact 

bacteria with a clear rod-like shape were observed for both E. coli and B. cereus on the bare 

glass surface after visible light irradiation (Figures 4a and 4d). In contrast, the bacteria attached 

on the hybrid coatings in the dark (Figures 4b and 4e) suffered severe damage of their cellular 

envelope, and lost the integrity of their membrane. This indicates that the cationic QAS 

moieties present along the chitosan backbone interact strongly with the microbe cell 

membranes and kill the bacteria by the lysis of their cytoplasm, in agreement with the PCM 

results discussed above. After irradiation with visible light, the synergistic antimicrobial action 

of the rGO-modified TiO2 nanoparticles and the cationic QAS moieties of chitosan resulted in 
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the complete damage of the cell membrane and the lysis of the bacterial cells (Figures 4c and 

4f). The major reason for the visible light damage of the bacterial cells, exposed to the 

photocatalytic rGO-modified TiO2 nanoparticles, is the disruption of their outer membrane by 

the produced ROS which impairs the bacteria at relatively low exposures.51-52

Figure 4. SEM images of E. coli (a, b, c) and B. cereus (e, f, g) attached on bare glass substrates 

after 5 h contact under visible light irradiation (a, d) and on the hybrid coatingsafter5 h contact 

in the dark (b, e) and under visible light irradiation (c, f).

The viability of the attached bacterial cells on the hybrid coatings was determined by a 

LIVE/DEAD assay. SYTO 9, which exhibits a characteristic green fluorescence upon staining 

the intact cell membranes, and propidium iodide, which stains red the non-viable bacteria cells, 

were used in this assay. Figure 5 shows characteristic CLSM images of the bacteria on glass 

substrates and on the hybrid films after visible light irradiation. The bacteria attached on the 

glass substrates are alive (Figures 5a and 5c), exhibiting the characteristic green color, whereas, 

the bacteria on the hybrid coatings appear mostly red (Figures 5b and 5d) signifying a 

significantly reduced viability for both bacteria stains, in good agreement with the PCM and 

SEM findings discussed above. 
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Figure 5. CLSM images of E. coli (a, b) and B. cereus (c, d) attached on glass (a, c) and on the 

hybrid films (b, d), after 5 h contact with the surfaces under visible light irradiation. The green 

and red colors denote alive and dead bacteria, respectively. 

From the above results, one can conclude that the hybrid coatings exhibit an excellent 

bactericidal performance under visible light irradiation, due to the “synergistic” action of the 

cationic QAS moieties of the polymer and the rGO-modified TiO2 nanoparticles, and can 

qualify as profoundly infection-resistant surfaces, which are attractive for use in numerous 

applications.

Self-renewable behavior of the hybrid film surface

The self-polishing properties of the hybrid films were studied by following the changes in the 

film thickness, by FTIR spectroscopy, as a function of immersion time in water of different pH 
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values ranging from pH 2 to 8 (Figure6). A decrease in the film thickness with the immersion 

time was found which was dependent on the solution pH.  At pH 2 and 3, the films were 

completely removed from the substrate after 3 days immersion in the medium, whereas at pH 

4 and 5 the dissolution of the film was prolonged to 7 days. More importantly, a significant 

decrease in the film polishing rate was found at pH 6, with the hybrid coating retaining 30 % 

of its initial thickness after 60 days immersion time. Finally, the film dissolution rate was 

reduced further at pH 7 and 8, at which a decrease in thickness of only 24 % and 16 %, 

respectively, was measured after 60 days immersion time. This self-polishing behavior of the 

hybrid films is attributed to the acid hydrolysis of the acetal-based cross-linker, which leads to 

the dissolution of the polymer and its removal from the film. The rate of acid hydrolysis of the 

acetal bonds, to produce acetaldehyde and hydroxy products, depends on the pH of the solution, 

leading to the observed differences in the decrease of the film thickness as a function of 

immersion time for the different media. 
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Figure 6. % thickness of the hybrid films as a function of immersion time in water at different 

pH values.pH 2 – black squares, pH 3 – red circles, pH 4 –blue triangles up, pH 5 –

greentriangles down, pH 6 –purple rhombi, pH 7 –yellow triangles left and pH 8 –light blue 

triangles right. 
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The self-polishing behavior of the hybrid films enables the progressive removal of the top layer 

of the film, which eliminates the deposited dead bacteria and the debris from the surface of the 

coating, leading to the renewal of its antimicrobial action in a “kill-and-release” approach using 

pH as an external stimulus (Figure 7). In addition, the peeling of the film at media around 

neutral pH values enables the application of the coatings under physiological and biologically-

relevant conditions, not requiring extreme acidic or basic media. The proposed approach 

comprises a promising strategy, for the development of biocompatible surfaces, which prevent 

initial bacterial attachment and subsequent biofilm formation, exhibiting a long-term 

antibacterial activity. 53-54

Figure 7: Schematic representation of the biocidal action and the self-polishing behavior of 

the hybrid coatings allowing the renewal of their antimicrobial activity.

Conclusions

Novel hybrid coatings combining enhanced biocidal properties with long-term, self-renewable 

antimicrobial action were prepared. The films were based on a natural polymer, chitosan, 

modified to bear QAS groups that function as permanent biocidal moieties, and rGO-modified 

TiO2 nanoparticles, which exhibit effective antimicrobial action under visible light irradiation. 

Cross-linking of the polymer was induced by an acetal-based, acid-degradable cross-linker 
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which reacted with the amine groups of chitosan. The hybrid coatings were evaluated for their 

biocidal properties under dark and visible light irradiation using Gram-positive and Gram-

negative bacteria strains. The films exhibited an effective biocidal efficacy in the dark against 

Gram-negative (98 % killing of E. coli) and Gram-positive (99.9 % killing of B. cereus) 

microorganisms, attributed to the QAS moieties of chitosan, and an excellent antimicrobial 

performance under visible light irradiation (99,999 % killing of E. coli and 99,9999 % killing 

of B. Cereus) due to the synergistic action of the ROS produced by the rGO-modified TiO2 

nanoparticles, and the QAS groups of the polymer. 

The hybrid films exhibited a self-polishing behavior upon immersion in water, which was 

determined by the solution pH. In highly acidic media (pH 2 to 5), the films were completely 

removed from the substrates in less than one week, whereas in mild acidic (pH 6), neutral (pH 

7) and slightly basic (pH 8) water, a gradual decrease in film thickness was found, with only 

the top 70 %, 24 % and 16 % of the polymer layer, respectively, being removed after 60 days 

immersion time. This was attributed to the pH-dependent hydrolysis rate of the acetal-based 

cross-linker, and led to a pH-responsive renewal of the film surface, which prolongs the 

antibacterial activity of the coatings.
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