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ABSTRACT 

To prevent the formation of biofilm on material surface, the latter must have antibacterial 

properties. The aim of this study is to investigate the synthesis and the antibacterial effect of a new 

N-halamine coating based on polydopamine (PDA). The interests of this coating are multiple, 

notably the green process used to prepare it and the wide variety of organic or inorganic materials 

that can be functionalized. First the formation of the PDA coating by oxidative polymerization of 

dopamine in weak alkaline aqueous solution was studied and characterized. Then, these PDA films 

were exposed to a NaOCl solution in order to form chloramine functions into the coating, i.e. to 

immobilize oxidative chlorine on and into the coating. The PDA film chlorination was notably 

followed in situ by quartz crystal microbalance (QCM). The influence of the NaOCl solution pH 

and concentration on chlorination kinetics and on PDA film degradation was evidenced. Finally, 

the antibacterial properties of the modified PDA coatings were highlighted by testing their anti-

adhesion and bactericidal properties towards Escherichia coli bacterial strain.  
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INTRODUCTION 

Bacterial biofilms are formed by communities that are embedded in a self-produced matrix of 

extracellular polymeric substances1-3, it is a complex system in which bacteria differ radically from 

those of planktonic cells exhibiting new properties. An important emergent property of biofilms is 

the ability to survive exposure to antimicrobial compounds, including disinfectants, toxic metals 

and small-molecule antibiotics. In fact, bacteria in a biofilm can be 10 to 1000 times more resistant 

to antimicrobial agents4. The first step in the formation of a biofilm is the adsorption of proteins 

usually required for the bacterial adhesion. Then the bacterial cells will multiply and form 

microcolonies initially in a reversible association followed by an irreversible adhesion. The final 

step in the formation of a biofilm is the detachment and dispersal of bacterial cells. Biofilms can 

be associated with infections but also responsible for biofouling and contamination of process 

water, deterioration of the hygienic quality of drinking water and biocorrosion5, 6. This poses a real 

public health problem, economic or even environmental in view of the use of biocidal agents to 

prevent the development of biofilms.  

As a result, the development of antimicrobial coatings has attracted substantial academic and 

industrial interests. Especially N-halamine based coatings have been extensively studied over the 

past decade thanks to their properties such as being one of the most powerful biocides toward a 

broad spectrum of microorganisms, their stability, their non-toxicity to humans and their 

regenerability7-10. An N-halamine organic polymer contains nitrogen–halogen covalent bonds, the 

halogen is at the oxidation state +I that confers to the coating oxidative properties. Actually, very 

often the antimicrobial properties of an N-halamine compound are the result of the direct transfer 

of chlorine (Cl(+I)) to receptors in the microorganisms9, 11-14. As a result, coatings containing 
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chloramine functions appear as very promising antibacterial rechargeable materials15, and some of 

them have also been studied for their interesting antiadhesive properties16. 

To prepare an N-halamine coating, a two-step route can be used: first, the immobilization on the 

material surface of a polymer containing N atoms bearing an H atom followed by a treatment with 

an NaOCl aqueous solution to form chloramine functions by a substitution reaction: 

>N-H + OCl-   à  >N-Cl + OH-                                (1) 

Thus, to obtain an N-halamine coating, the material surface should be covered with a polymer 

containing primary or secondary amine functions, or primary imine or amide groups17-20. Herein 

we report a simple and practical approach in which chloramine functions were formed into a 

polydopamine (PDA) coating. Inspired by the adhesive nature of catechols and amines invertebrate 

mussel adhesive proteins, polydopamine is a simple compound to functionalizing virtually all 

types of material surfaces21-23. In fact, Nature is a source of inspiration for surface chemistry, the 

protein composition of mussel byssal thread near the plaque/substrate interface reveal 3,4-

dihydroxy-L-phenylalanine (DOPA) and lysine-enriched proteins that is the key of the robust 

adhesion24. So, the presence of both catechol and amine groups appears to be a critical factor for 

efficient formation of a robust, strongly adhesive coating based on catechol chemistry applied from 

aqueous solution25. In solution, PDA film can be formed from dopamine monomer under weak 

alkaline conditions through a spontaneous self-assembly and oxidative cross-linking process with 

dioxygen as the oxidant21, 26-28.   

The advantage of polydopamine is that it can be easily deposited on virtually all types of 

inorganic and organic substrates, including superhydrophobic surfaces29-31. Moreover, these 

bioinspired PDA films are chemically and structurally indistinguishable from eumelanins found in 

the human body providing excellent biocompatibility32. 
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Figure 1. General strategy of formation and regeneration of an N-halamine coating based on 

polydopamine. 

In the present work, the synthesis of PDA coating containing chloramine functions is reported 

studied in-depth for the first time. For this purpose, first, the PDA film formation on gold surfaces 

was performed by simple immersion of the substrate in a dopamine solution at pH 8.5. The PDA 

film growth was monitored in situ by means of a quartz crystal microbalance (QCM). Then, the 

films were characterized by Polarization-Modulation Reflection Absorption InfraRed 

Spectroscopy (PM-RAIRS) and X-Ray Photoelectron Spectroscopy (XPS) analyses and by 

Scanning Electron Microscopy (SEM) observations. The chlorination of PDA films was performed 

by their immersion in a NaOCl aqueous solution (reaction 1) in order to immobilize Cl(+I), 

oxidative species, into the polymers. The whole functionalization process is illustrated in Figure 

1. Finally, antibacterial assays towards Escherichia coli were conducted to establish the 

antiadhesive and bactericidal properties of such N-halamine PDA-based coatings. One can note 

that concomitantly to this work, Chien and Chiu have studied the antibacterial and regenerability 

properties of chlorinated PDA film deposited on polyester fibers33. 
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EXPERIMENTAL SECTION 

Materials. Dopamine hydrochloride (98% purity), tris(hydroxylmethyl)aminomethane 

hydrochloride (Tris-HCl), phosphate buffer saline (PBS) were obtained from Sigma-Aldrich. A 

household bleach solution at 2.6% of active chlorine was diluted before used for the chlorination 

of the PDA films. Ultrapure water was obtained from a Milli-Q system (Millipore, resistivity >18 

MΩ cm−1) from EMD Millipore Corp. (Billerica, MA, USA). Glass substrates (11 mm × 11 mm) 

coated with a 5 nm thick layer of chromium and a 200 nm thick layer of gold were purchased from 

Arrandee (Werther, Germany). Before PDA coating, the gold-coated substrates were annealed in 

a butane flame to obtain a crystal reconstruction of the first atomic layers, a UV-ozone cleaning 

procedure for15 min was then applied prior to ultrapure water and absolute ethanol rinsing for 

period of 10 min each34. Thermanox plastic coverslips (TMX) purchased from Thermo scientific 

were used as reference substrates for antibacterial tests.  

PDA coating. For the polydopamine coating formation, the substrates were immersed into 

dopamine solution, prepared by dissolving 0.5 mg/mL dopamine hydrochloride in 10 mM Tris-

HCl at pH 8.5, under stirring except for QCM experiments which were performed under static 

conditions. Then substrates were washed with deionized water for 5 minutes under sonication and 

then nitrogen-dried.  

PDA film chlorination. For chlorination, PDA films were soaked in 1 mM NaOCl solution at 

pH 10, unless otherwise stated, at room temperature. After chlorination, the substrates were 

washed with deionized water thoroughly and nitrogen-dried. The PDA films used for this step 

were either obtained after 3 h or 24 h of immersion in the dopamine solution. Before chlorination 

they are named PDA-3h and PDA-24h, respectively and PDA-3h-Cl and PDA-24h-Cl, 

respectively after chlorination.  
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Polarization Modulation Reflection Absorption InfraRed Spectroscopy (PM-RAIRS). PM-

RAIRS measurements were carried on a Nicolet Nexus 5700 FT-IR spectrometer (Madison, WI, 

USA) equipped with a wide band HgCdTe detector cooled with liquid nitrogen. Infrared spectra 

were obtained by coaddition of 128 scans at 8 cm−1 resolution. A ZnSe photoelastic modulator and 

a ZnSe grid polarizer were placed prior to the sample to modulate the incident beam between p 

and s polarizations (PM90, HINDS Instruments Inc., Hillsboro, OR, USA), modulation frequency 

was 36 kHz. Interferograms (sum and difference) were processed via Fourier-transformation to 

obtain the resulting PM-RAIRS signal, which is the differential reflectivity ΔR/R° = 

(Rp−Rs)/(Rp+Rs), with Rs and Rp being the signals perpendicular and parallel to the incident 

plane, respectively.  

Ellipsometry. Ellipsometry measurements were performed using a monowavelength 

ellipsometer SENTECH SE 400 equipped with a He–Ne laser at λ = 632.8 nm, the incident angle 

was 70°. All measurements are taken on nitrogen-dried samples in ambient air. The values of ns 

and ks used for the gold substrate were 0.2098 and 3.2852, respectively. For each sample, at least 

5 measurements were performed in different zones. Therefore, the thickness values are given as 

the average over 5 values. 

X-ray Photoelectron Spectroscopy (XPS). XPS analyses were performed using an Omicron 

Argus spectrometer (Taunusstein, Germany) equipped with a monochromated Alk X-ray source 

(hν = 1486.6 eV) working at an electron beam power of 300 W. Photoelectron emission was 

analyzed at a take-off angle of 45°. For angle-resolved XPS (AR-XPS), the other angles were 15° 

(grazing emission) and 90° (normal emission) with respect to the sample surface. The analyses 

were carried out under ultra-high vacuum conditions (≤10−10 Torr) after introduction via a load-

lock into the main chamber. Spectra were obtained by setting up a 100 eV pass energy for the 
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survey spectra and a pass energy of 20 eV was chosen for the high-resolution regions. Element 

peak intensities were corrected by Scofield factors35. CasaXPS software (Casa Software Ldt, UK) 

was used to decompose XPS spectra using a Gaussian/Lorentzian ratio 70/30. 

Quartz Crystal Microbalance (QCM). QCM measurements were performed using a labmade 

QCM device under static conditions and a 9 MHz-gold patterned quartz substrate (S = 0.2 cm2). 

The quartz were placed perpendicular to the bottom of the container. Frequency changes (Δf) of 

the quartz crystal resonator was monitored. The ∆f was converted into the mass change (∆m) of 

the quartz crystal by applying the Sauerbrey equation36:  

∆f = 	 −
� � �

�

� � � � � �
	∆m           (Eq. 1) 

where A is the active surface of the gravimetric sensor, pq is the quartz density, μq is the quartz 

shear modulus, and f0 is the fundamental resonance frequency of the quartz.37 We note:  

∆f = 	 −C	∆m                   (Eq. 2) 

with C, the experimental sensitivity constant, 16.31 107 Hz g-1 cm2 for 9 MHz37.  

Chloramine function quantification.  The presence of chloramine functions was confirmed by 

measuring the bleaching of a 5-thio-2-nitrobenzoic acid (TNB) solution, at 412 nm38. Fresh TNB 

solution was produced before each experiment via addition of 2 equivalents of cysteine (Cys) to 1 

equivalent of 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB) following the reaction:  

DTNB + 2 Cys à  2 TNB + cystine                         (2) 

For this aim, in equal volumes, 2 10-3 M of cysteine and 10-3 M of DTNB were mixed in 50 mM 

phosphate buffer solution (PBS) at pH 7.4 giving a highly colored yellow/orange solution 39.  Then 

this stock solution was diluted 10-fold with 50 mM PBS, pH 7.4. The different subtracts were 

immersed in this solution for twenty hours. The yellow-colored TNB reacts with haloamine 

functions to regenerate colorless DTNB, according to Scheme S1.                 
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The UV/visible absorbance measurements were carried out using spectrometer with 1 cm path 

length cuvettes. According to Beer-Lambert’s law, the density of chloramine functions (dCl), in 

at/cm3, was calculated thanks to the following equation: 

 																									d� � = 	
� � � � 	 � 	� � � � � � �

� ∗ � ∗� ∗� � � � � � � �
∗ V� � � 	 ∗ 	N�                     (Eq. 3) 

where APDA and APDA-Cl are the absorbance of the TNB solution containing the substrate with the 

PDA coating and with the chlorinated PDA coating, respectively, ε = 14100 M-1.cm-1, l = 1 cm, 

Vcoating is the volume of the PDA film in cm3, VTNB is the volume of the TNB solution in L and NA 

is Avogadro constant. 

SEM observations. The surfaces or cross-sections of the PDA films were examined under an 

Ultra55 Zeiss field-emission-gun scanning electron microscope (FEG-SEM), operating at 10 kV. 

For the cross section observations, the samples were tilted (60°). 

Bacterial strain and culture conditions. Bacteria Escherichia coli ATCC 25922 were used to 

investigate the antibacterial properties of the chlorinated PDA films. Bacterial suspensions were 

prepared from frozen cultures incubated overnight (37°C under agitation at 250 rpm) in Luria-

Bertani (LB) broth (BD Difco, Franklin Lakes, NJ, USA).  

Evaluation of bacterial adhesion. Substrates were put into sterile Petri dishes in the presence of 

20 mL of bacteria suspension at 106 CFU/mL in PBS, under stirring at room temperature for 17 h. 

After incubation, for evaluation of bacterial adhesion, an optical microscopy analyze was 

performed. For this, the samples were rinsed with PBS, stained for 5 minutes with 1 mL of crystal 

violet at 1% (w/w), rinsed under water flow until color loss and dried. For each sample, the surface 

density of bacteria was determined by averaging 20 microscope fields under a 50x magnification. 

Results were expressed as a percentage of the attached bacterial cells onto the different PDA 

surfaces, as compared to TMX substrates.  
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Bacteria Growth Capacity (cultivability of adhered bacteria). Bacterial growth capacity after 

contact with functionalized surfaces was determined performing killing tests. Before bacterial 

inoculation, the surfaces were sterilized by washing them five times with ethanol solution at 70 %. 

The killing test was performed in sandwich configuration. For this, 20 μL of the bacterial suspension 

in PBS media were deposited on a first plate then a second plate is placed onto the first one, on the 

coating side so that the bacterial suspension is sandwiched between the two substrates. After 3 hours 

of contact at room temperature, surfaces were transferred into a tube containing 2 mL of sterile PBS 

solution and sonicated (Bandelin Sonorex RK 31, Berlin, Germany; f = 35 kHz, P = 90 W) for 2 

min to recover the adhered bacteria without damaging them. After the sonication, SEM-FEG 

observations of the plates were performed to verify that most of the adhered bacteria were detached 

during the sonication process. The recovered bacteria suspensions were diluted 10, 102, 103 and 104 

times before deposition of 20 μL of each dilution in triplicate on LB-agar plates. The plates were 

incubated at 37 °C overnight before enumeration. Results were expressed in number of attached and 

cultivable bacterial cells onto the different surfaces per mL (CFU/mL). Each test was done in 

triplicate, the number of CFU/mL is the average of the results obtained for each sample.  

 

RESULTS AND DISCUSSION 

PDA coating elaboration 

In solution, dopamine within the right conditions of pH is known to oxidize and self-

polymerized, this is evidenced by a change of solution color, from colorless to dark brown40. In 

this study, the bare gold surfaces were dipped into a dopamine solution in which Tris-HCl is added 

after a few minutes. The surface dopamine-polymerization process was followed in situ using a 

quartz crystal microbalance, and ex situ by means of PM-RAIRS as a function of the immersion time.  
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Figure 2. PDA coating formation in a 0.5 mg/mL dopamine solution. (a) QCM investigation of 

PDA coating formation in the dopamine solution, dopamine was added after 0.5 h in the Tris-HCl 

solution. (b) PM-RAIRS spectra of gold surfaces functionalized with a PDA film by immersion in 

the dopamine solution for various times. (c) PDA film thickness evaluated by ellipsometry (red 

circles) and SEM analysis (blue squares). (d) SEM micrograph of a PDA coating on gold substrate 

after 72 h of immersion in the dopamine solution. 

Figure 2(a) shows the QCM response whereas Figure 2(b) presents the IR spectra obtained for 

gold surfaces immersed for different times ranging from 1 h up to 72 h. A broad IR massif is 

observed in 1600 cm-1 region which intensity increases as a function of immersion time. A second 

group of features is visible at lower wavenumbers. No other IR feature are detected whatever the 

exposure time. All these features indicate the presence of dopamine intermediate and 

polydopamine film, with the main characteristic peaks observed at 1620 and 1515 cm-1, assigned 
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to ring(C=C) and (N-H) vibrations41, respectively. Secondary IR peaks are also observed at lower 

wavenumbers, namely 1450, 1350 and 1290 cm-1, assigned to the stretching vibration ring(CNC), 

but also to vibrations related to remaining catechol groups of free dopamine, (C-O) and (C=N)42-

44. These IR features are consistent with those obtained for PDA in solution (data not shown) and 

thus, the PM-RAIRS analyses clearly indicate the formation of PDA coating on gold surfaces.  

PDA film growth can be quantitatively investigated on one hand using PM-RAIRS data, by 

integrating the peak areas as a function of immersion time, as presented in Fig. S1, on the other 

hand using QCM analysis as presented in Fig. 2(a). Meanwhile, data collected on the same samples 

by ellipsometry enabled to obtain average thickness for the PDA films using an appropriate model 

for gold surfaces, Fig. 2(c). These values were confirmed by SEM observations of the cross-section 

of the samples (Fig. 2(d)). 

PM-RAIRS analysis (Fig. S1), QCM (Fig. 2a) and thickness measurements (Fig. 2c) show that 

the growth of the PDA film as function of the substrate immersion time follows a logarithmic 

function, with a growth rate about 5 nm/h during the first hours (Fig. 2c). The combination of the 

PDA mass obtained by QCM (1.2 g for 24 h of immersion) and of its thickness obtained by 

ellipsometry and SEM observation (40 nm for 24 h of immersion) allowed us to estimate the 

density of the PDA film i.e. 1.49 g cm-3. This finding is in good agreement with value reported in 

the literature45. Moreover ellipsometry data show that the PDA thickness on gold substrates 

gradually reached a constant value of around 50 nm after 48 hours of immersion, which is within 

the range of PDA film thicknesses reported in Ref. 21. This stationary phase is mainly due to the 

depletion of dopamine monomer in the supernatant solution, being able to cross link onto the PDA 

film, into the profit of the non-reactive quinone molecules46. For the characterizations, the chlorination  
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Figure 3. XPS survey spectra of gold surfaces coated with PDA films after 3 h (blue line, top 

spectrum) and 24 h (red line, bottom spectrum) of immersion in a 0.5 mg/mL dopamine solution. 

 

experiments and the biological tests of the PDA films, two synthesis times have been chosen:  3 

hours and 24 hours. 

XPS analysis were thus performed on these 2 sets of PDA coated Au surface, the survey spectra 

are presented in Fig. 3. For PDA-24h sample, the photopeaks C1s (285 eV), O1s (530 eV) and N1s 

(400 eV) are observed whereas Au 4f contribution (84 eV) is not detected on the contrary to the 

sample coating with a PDA film formed for 3 hours (Fig. 3). For both samples, the chemical 

composition in carbon and nitrogen is close to the theoretical composition of polydopamine (N/C= 

0.125) taking into account the carbon contamination which slightly reduces the N/C ratio (Table 

1), thus confirming the results obtained by PM-RAIRS (growth of a PDA film). Concerning the 

PDA film thickness evaluated from XPS data, they are in good agreement with those obtained by 

ellipsometry. Indeed, for PDA-24h coating the XPS Au4f signal is not detected suggesting an 

equivalent thickness higher than 3λ = 12 nm representing 95% of signal, λ being the inelastic mean 

free path of electrons in the organic PDA film, for electrons having a kinetic energy around 1400 
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eV (from Au4f atomic level) is estimated to be equal to 3.62 nm47. For PDA-3h coating, the 

Au4f signal is weak but still visible (Fig. 3), indicating an equivalent thickness close to 12 nm, 

again in good agreement with the value of 15 nm obtained by ellipsometry. 

 

Table 1. Chemical composition in at% of PDA-coated gold surfaces obtained from XPS data 

presented in Figs. S2 and 5 and ratio between N and C and Cl200 and N. Cl198 corresponds to Cl- 

and Cl200 to chloramine. 

 C  N  O  Au N/C Cl198 Cl200 Cl200/N 

PDA-3h 76.3 7.2 16.2 0.3 0.094 - - - 

PDA-24h 75.3 7.2 17.1 - 0.095 - - - 

PDA-3h-Cl 69.4 5.7 19.4 1.15 0.082 0.6 3.9 0.68 

PDA-24h-Cl 69.85 6.45 18.9 - 0.092 0.78 4.0 0.62 

 

PDA film chlorination 

The chlorination of the PDA films was performed by immersion of the sample in NaOCl 

solution. It is known that long contact time with acidic solution or alkaline solutions could denature 

the PDA films48-50. Since the chlorination will take place in NaOCl solutions at pH around 10, it 

is possible that after a given time, the PDA film will start to degrade. In situ monitoring by QCM 

was first conducted at different NaOCl concentrations: 0.2 mM, 1 mM and 10 mM to evaluate the 

influence of the concentration in sodium hypochlorite and then estimate the time until which it is 

safe to put in contact the PDA films with the NaOCl solution. Tests were also done at pH 7. For 

this pH value, for a 1 mM NaOCl concentration, similar results (see Fig. S3c) were obtained than 

at pH 10 but with slower kinetics in good agreement with lower concentration of hypochlorite ions 

at pH 7 than at pH 10 (pKa(HOCl/OCl-) = 7.5).  Note that at pH 5 no chlorination occurs, confirming 

that the species responsible for chlorination are OCl- ions. These findings are summarized in Table 2. 
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Figure 4. PDA film chlorination. (a) QCM investigation of the PDA-24h film chlorination in 1 

mM NaOCl solution, pH = 10. Quartz surface: 0.2 cm2. (b) PM-RAIRS spectrum of gold surface 

coated with a PDA-24h film as a function of exposure time to a 1 mM NaOCl solution, pH = 10.   

 

The chlorination of a PDA-24h film in 1 mM NaOCl solution was studied by QCM, the response 

mass variation vs. contact time is shown in Fig. 4a. The data obtained for other NaOCl 

concentrations are presented in Fig. S3. Obviously, the mass increase has been ascribed to chlorine 

fixation on and into the PDA film (reaction 1). For solution at pH 10, whatever the sodium 

hypochlorite concentration, the shape of the mass variation (m) vs. time is the same. Namely, 

first the film mass increases rapidly then progressively reaches an optimal mass increase 

corresponding to an optimal chlorination time in NaOCl solution. Actually, there are two kinetic 

regimes. We can assume than the first one, at the beginning, corresponds to the chlorination of the 

PDA film surface with a kinetic limitation by the OCl- diffusion in the bulk of the solution whereas 

the second one, slower, corresponds to the chlorination of the film with a kinetic limitation by the 

OCl- diffusion inside the polymer. One can notice that for pH 7, the response is different, this can 

be due to an increase at the film/solution interface of the pH due to OH- release (reaction 1) and 

therefore to an increase of the interfacial concentration of OCl- ions. 
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Table 2. QCM results. Times in minutes at which (i) the maximal mass increase is reached and 

(ii) the PDA film is entirely degraded (removed from the substrate surface), for PDA-24h films in 

contact with a NaOCl solutions of various Cl(+) (HOCl and/or OCl-) concentrations, pH and initial 

OCl- concentration (data from Figs. 4a and S3).  

[Cl(+)] (mM) 0.2 1 1 1 10 

pH 10 10 7 5 10 

[OCl-] (mM) 0.2 1 0.24 0 10 

tm max (min) 156 25 35 
no mass 

variation 
7 

tDegradation (min)  360 60  65 stable 11 

 

After that, the mass decreases down to a value lower than the initial one. This finding can be 

explained by the degradation of the PDA coating upon long exposure to the NaOCl solution. In 

addition, the substitution mechanism of H by Cl(+I) (reaction 1) leads to the release of hydroxyl 

ions thus to an increase of the interfacial pH, that could result in progressive degradation of the 

PDA film. For pH 10, the optimal time of chlorination is function of the NaOCl concentration, this 

time decreases with the increase in the concentration passing from 156 min for a concentration of 

0.2 mM to 25 min for 1 mM and finally 7 min for 10 mM (Table 2). From Table 2 one can notice 

that the PDA film degradation/dissolution kinetics is also function of the OCl- ion concentration, 

the higher the anion concentration the faster the degradation of the PDA film is.  

For the present study, the NaOCl concentration of 1 mM was chosen. In this condition, as shown 

in Fig. 4a, the maximal m is 1080 ng. Thus the chlorine amount fixed into the PDA film is 

estimated to be 1.89 1016 atoms and taking into account a film thickness of 40 nm (according to 

Fig. 2c), a Cl atom density (dCl) equals to 2.3 1022 at cm-3 is obtained (equation 4). If we compare 

this result with the theoretical N density in PDA that is 5.3 1021 at cm-3, an overestimation of the 
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chlorine density is obtained with QCM. Moreover, the N/Cl ratio obtained by XPS analysis (Table 

3) is inferior to 1 indicating that the number of Cl atoms is lower than the one of N atoms in the 

chlorinated PDA film. Since Na is detected by XPS at 1071 eV (Fig. 5) even after rinsing the 

samples it is obvious that the mass variation is not only due to H substitution by Cl (reaction 1). 

Therefore in the present case a quantification of N-Cl groups by QCM is not possible.   

� � � = 	
� �

(� � � � � � )	∗	� 	∗	� � � �
∗ 	 � � 																       (Eq. 4) 

where M is the molecular mass, S is the quartz surface (0.2 cm2) and ePDA is the thickness of the 

PDA film.  

To complete the study by QCM, an ex situ study was carried out by PM-RAIRS for PDA-3h 

coating (Fig. S4) and PDA-24h coating (Fig. 4b). First, after chlorination there is a change of the 

PDA IR spectrum. The spectrum reveals a sharp decrease in the peak at 1515 cm-1 attributed to the 

N-H group and which therefore suggests the creation of chloramine functions. A shift of the 

characteristic peak of the aromatic passing from 1620 cm-1 to 1645 cm-1 is also noticed. This shift 

can be a consequence of the grafting of chlorine atoms on nitrogen atoms located near the aromatic 

cycle modifying the chemical environment of the latter. Finally, the appearance of a shoulder 

around the 1720 cm-1 that increases over chlorination time is observed, it could be due to the 

appearance of carboxylic functions due to the oxidation of the PDA coating. 

Regarding the kinetic monitoring of chlorination, the results of the QCM study are confirmed. 

Namely, for a 1 mM NaOCl solution at pH 10 an optimal chlorination time around 25 minutes is 

determined, indeed after this time a strong decrease in the intensity of the peaks characteristic of 

the PDA is observed until a complete disappearance after 50 min revealing the complete 

degradation of the coating in agreement with the QCM results. As far as the PDA-3h coating is 

concerned, the optimal chlorination time was fixed at 15 min (see Fig. S4). 
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The chemical composition of the chlorinated PDA-3h (15 nm thick) and PDA-24h (40 nm thick) 

film surface was then determined by XPS. In the survey spectra, chlorine contributions are detected 

at binding energy around 200 eV (Cl2p) and 280 eV (Cl2s) (Fig. 5). High-resolution Cl2p spectra 

for PDA-3h-Cl and PDA-24h-Cl coatings are depicted in Fig. 5c and 5d, respectively, exhibiting 

two types of contribution. The most intense is detected at binding energy (BE) of 200.5 eV and 

202.1 eV (Cl2p3/2 and Cl2p1/2, respectively) while the second doublet appears at lower BE, 197.6 

eV and 199.2 eV. The detection of Cl2p at binding energy around 200.5 eV, named Cl200, could 

be ascribed to N-Cl. To confirm it, a methionine test has been performed on a chlorinated PDA-

24h coating. The presence of chloramines can be evidenced by methionine (R-S-CH3) that reacts 

with chloramines according to51, 52: 

R-S-CH3 + >N-Cl + H2O à R-SO-CH3 + >N-H + Cl- + H+           (3) 

After contact with methionine, the Cl2p3/2 contribution at 200.5 eV has largely decreased (data not 

shown) confirming that this contribution is related to chloramine bonds.  

Finally, the Cl200 /N1s ratio for chlorinated PDA-3h and PDA-24h coatings (Table 1) reveals a 

similar amount of immobilized chlorine for both samples. 
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Figure 5. XPS characterizations of gold surface coated with a PDA-24h film after immersion in 1 

mM NaOCl solution: (a,b) survey spectra, (c,d,) Cl2p high-resolution region. Full line: 2p3/2 

contribution, dashed line: 2p1/2 contribution. 

 

As a result of the XPS analysis, the grafting of chlorine within the PDA film is confirmed. XPS 

allows to analyze a film thickness about 12 nm. However by varying the angle of the electron 

collect i.e. performing angle-resolved XPS (AR-XPS), it is possible to decrease this thickness in 

order to evaluate the homogeneity of the film in depth. This analysis was done for the chlorinated 

PDA films. The chemical composition of the films was determined at 3 different collecting angles 
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(90°, 45° and 15° with respect to the sample surface), a normal emission with a bulk sensitive and 

at grazing emissions with a surface sensitive. Table 3 shows that whatever the electron take-off 

angle is, the Cl200/N ratio for chlorinated PDA-3h and PDA-24h coatings are similar confirming 

that the PDA film chlorination occurs not only on the surface but also inside the film.  

 

Table 3. At% ratio between Cl200 and N obtained by XPS at various detection angles (AR-XPS), 

angles are defined with respect to the sample surface for chlorinated PDA-coated gold surfaces.  

 PDA-3h-Cl   PDA-24h-Cl 

Angle 15° 45° 90° 15° 45° 90° 

Cl200/N 0.69 0.67 0.59 0.61 0.62 0.69 

 

The effect of the chlorination on the PDA surface morphology was studied by SEM (Fig 6). There 

is an evolution of the surface after chlorination with a large decrease of the PDA nanoparticles 

strongly linked to the surface coating since they are not removed during the sonication step. 

Therefore, it seems that there is a less rough surface after chlorination due to the oxidative 

character of OCl- ions.  
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Figure 6. SEM micrographs of the PDA-24h films formed on gold subtract (A) before and (B) 

after immersion for 20 minutes in a 1 mM NaOCl solution pH 10.    

Finally, the presence of chloramines in PDA-3h-Cl and PDA-24h-Cl coatings was evidenced by 

the oxidation of TNB to the corresponding dimer (DTNB) (Scheme S1). This reaction is 

accompanied by a loss of absorbance at 412 nm (Table 4)38, TNB solutions are shown in Fig. S5. 

The amount of N-Cl bonds present into the PDA-24h-Cl film was estimated taking into account a 

PDA film thickness of 40 nm (according to Fig. 2c), the atom density dCl is equal to 2.5 1021 at cm-

3 (Eq. 3). For the PDA-3h-Cl film, dCl is equal to 3.15 1021 at cm-3, taking into account a film 

thickness of 15 nm (according to Fig. 2c). The comparison of these densities with the N density in 

PDA, 5.3 1021 at cm-3 taking a PDA density of 1.49 g cm-3, it is thus noted that between 50 and 

60% of N atoms are chlorinated, this finding confirms the XPS results (Tables 1 and 2).  

Finally, after exposure in air or immersion in PBS solution (pH 7.4) for 7 days, XPS and IR 

analyses have revealed no change in the chemistry of the PDA-24h-Cl films. Notably the atomic 

ratio Cl200/N is not modified, indicating that in these conditions the chlorinated PDA films are 

stable.  
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Table 4: TNB solution absorption at 412 nm after 24 h of immersion of various samples, number 

of chlorine atoms and density (Eq. 3) of chloramine in PDA-3h-Cl and PDA-24h-Cl coatings 

estimated by TNB dosage. Cl/N atomic ratio taking into account an N density of 5.3 1021 at.cm-3.  

 A at 412 nm Cl (at.)    dCl (at.cm-3) Cl/N 

PDA-3h 1.38 --- ---  

PDA-3h-Cl 0.9 2 1016  3.15 1021 0.59 

PDA-24h 1.30 --- ---  

PDA-24h-Cl 0.35 4.05 1016 2.5 1021 0.47 

 

 

Antibacterial properties of chlorinated PDA films 

In order to evaluate the antibacterial/antiadhesive properties of the chlorinated PDA surfaces, a 

suspension of Escherichia coli cells was put in contact with these surfaces and compared to 

negative controls, composed of first, a biocompatible neutral surface (Thermanox or TMX) and, 

second, the non-chlorinated PDA film. 

Concerning the antiadhesive properties of chlorinated PDA films, the main results are 

summarized in Fig. S6 and the average data are reported in Table 5. Adhesion results from E. coli 

towards different surfaces reveal an antiadhesive effect of the chlorinated PDA-3h and PDA-24h 

coatings compared to TMX with a bacterial adhesion of 55% and 53%, respectively and compared 

to unchlorinated PDA corresponding, an adhesion of 55% and 67%, respectively. These results 

clearly show that after treatment of the PDA coatings in the presence of NaOCl, the bacterial 

densities on the film surface are lower. In conclusion, the PDA film chlorination provides an 

antiadhesive effect, up to a decrease of 45% for the best scenario.  
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Table 5. Mean number of Escherichia coli counted with an optical microscopy image (over 20 

fields) (x50), standard deviation (σ) and calculated bacterial density, on various samples after 

incubation at room temperature for 17 h in the presence of 106 CFU/mL 

Sample TMX PDA-3h PDA-3h-Cl PDA-24h PDA-24h-Cl 
Bacterial density /cm2 970 970 540 770 520 

σ 78 76 59 75 51 
% adhesion   (Ref: TMX) -- 100% 55% 79% 53% 

% adhesion 
(Ref: PDA-3h or PDA-24h) 

-- -- 55% -- 67% 

 

 

A 

 

B 

 

C 

 
 

Figure 7. Optical photographs of agar plates presenting the killing test results of (A) E. coli 

inoculum, (B) PDA-24h and (C) PDA-24h-Cl coatings, after 3 h in contact with  20 L of an 

Escherichia coli suspension at a concentration of  2.5 105 CFU/mL.    

 

In addition of this antiadhesive effect of the chlorinated PDA coating, the viability of bacteria 

that nevertheless adhered to the films was evaluated through a killing test. A given amount of 

bacteria in physiological media was deposited at room temperature onto different surfaces. Under 

these conditions, it is important to keep in mind that bacteria cannot grow and therefore the number 

of bacteria counted afterwards on agar plates allows the evaluation of the viability upon contact 
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with the surfaces. Again, a negative control was used to asses this bacterial viability, the inoculum 

or the non-chlorinated PDA films. The results are shown in Fig. 7 and the average data are reported 

in Table S1. One can notice that both unchlorinated PDA samples, 3h and 24h, lead to a reduction 

of viable bacteria of 98% in comparison to the inoculum. Thus the PDA coating exhibits an 

antibacterial activity, this property has already been reported by Lei et al.53 and Iqbal et al.54. In 

addition to this antibacterial effect due to the unchlorinated coating, the chlorination gives an 

increase of 18% of the antimicrobial activity for PDA-3h film and up to 34% for PDA-24h coating. 

The combination of the two antimicrobial effects leads to a bacterial viability reduction of more 

than 99.0% for the chlorinated PDA-3h coating and 99.5% for the chlorinated PDA-24h film in 

comparison with the inoculum. 

 

CONCLUSIONS    

In summary, we have demonstrated the possibility to elaborate a new antibacterial coating 

formed by a thin chlorinated polydopamine film. This film is obtained by dopamine monomer 

polymerization in weak alkaline aqueous solution followed by a treatment in a NaOCl solution. 

This treatment leads to the formation of chloramine functions on and inside the polymer. Chemical 

determinations enable to estimate the quantity of oxidative chlorine immobilized in the PDA film 

to be about 3 1021 at cm-3, with a chlorination degree of N atoms between 50 et 60%, suggesting 

that in the PDA coating 40 to 50% of N atoms do not bear an H atom which could be exchanged 

with oxidative chlorine. Finally, microbiological tests towards Escherichia coli bacteria show that 

chlorinated PDA coatings are able to reduce E. coli adhesion up to 45 % compared to uncoated 

surfaces, while in the same time bacterial viability is reduced by 99% on chlorinated PDA coating.  
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Scheme S1. Reaction between an haloamine compound and TNB.  
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Figure S1. PDA film growth. PM-RAIRS peak area vs. immersion time in a 0.5 mg/mL 
dopamine solution, data from Fig. 2a.   
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Figure S2. XPS characterizations of modified gold surfaces with PDA films (3 h and 24 h 

immersion in dopamine solution): (a) C1s, (b) N1s, (c) O1s high-resolution regions. Top: spectra 

from PDA-3h sample. Bottom: spectra from PDA-24h sample.  
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Figure S3. QCM investigation chlorination of PDA-24h film in (a) 0.2 mM, (b) 10 mM NaOCl 
solution pH 10. (c) 1 mM NaOCl solution pH 7. Quartz area = 0.2 cm2.  
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Figure S4. PM-RAIRS spectra of gold surface coated with PDA-3h film as a function of exposure 

time to a 1 mM NaOCl solution.    

  

Figure S5. Evidence of chloramine functions: by TNB with Optical image of cuvettes (1 cm) 

containing the TNB solution after 24h of immersion. (A) unmodified TNB solution. Immersion of 

(B) Au substrate; (C) PDA-3h film. (D) PDA-3h-Cl film. (E) PDA-24h film and (F) PDA24h-Cl 

film.  

  

 

1000 1200 1400 1600 1800 2000 

1.00 

1.05 

1.10 

0  min 
5  min 
10  min 
15  min 
20  min 
25  min 

30  min 

Wavenumber (cm -1 ) 



35 

 

 

Figure S6. Optical microscopy images in dark field after 17 h at room temperature in contact with 

E. coli @ 107 CFU/mL followed by coloration with crystal violet (A) PDA-3h, (C) PDA3h-Cl, (B) 

PDA-24 and (D) PDA-24h-Cl. Scale bare: 10 �m.  

  

  
  

Table S1. Mean CFU/mL of Escherichia coli after killing test on PDA-3h, PDA-24h, chlorinated 
PDA-3h and chlorinated PDA-24h coatings.  

Sample  Inoculum  PDA-3h  PDA-3h-Cl  PDA-24h  PDA-24h-Cl  

CFU/mL  

% killing /TMX  

% killing /PDA  

2.50 107  

--  

--  

4.66 105 

98%  

--  

3.84 105 

98%  

18%  

3.58 105  

99%  

--  

2.36 105 

99%  

34%  

  

  

  
 

  


