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7 Abstract 

8 Due to the emergence of wide-spread infectious diseases, there is a heightened need for 

9 antimicrobial and/or antifouling coatings that can be used to prevent infection and transmission 

10 in a variety of applications, ranging from healthcare devices to public facilities. While 

11 antimicrobial coatings kill pathogenic bacteria upon contact with the surface, the antimicrobial 

12 function alone often lacks long-term effectiveness due to the accumulation of dead cells and their 

13 debris on the surface, thus reducing performance of the coating overtime. Therefore, it is 

14 desirable to develop coatings with the dual functions of antimicrobial efficacy and fouling 

15 resistance, where antifouling coatings afford the added benefit of preventing the adhesion of 

16 dead cells and debris. Leveraging the outstanding antifouling properties of zwitterionic coatings, 

17 we synthesized copolymers with antimicrobial-antifouling dual function by immobilizing 

18 lysozyme, a common antimicrobial enzyme, to the surface of a pyridinium-based zwitterionic 

19 copolymer. Specifically, poly(4-vinylpyridine-co-pentaflurophenyl methacrylate-co-divinyl 

20 benzene) [P(4VP-PFPMA-DVB)] thin films were synthesized by an all-dry vapor deposition 

21 technique, initiated Chemical Vapor Deposition, and derivatized using 1,3-propanesultone to 

22 obtain sulfobetaine moieties. Lysozyme, known to hydrolyze polysaccharides in the cell wall of 

23 gram-positive bacteria, was immobilized by forming amide bonds with the copolymer coating 

24 via nucleophilic substitution of the pentafluorophenyl group. The antifouling and antibacterial 

25 performance of the novel lysozyme-zwitterionic coating was tested against gram-

26 positive Bacillus subtilis and gram-negative Pseudomonas aeruginosa. A reduction of surface 

27 adhesion of 87% was achieved for P. aeruginosa, and of 75% for B. subtilis when compared to a 

28 common poly(vinyl chloride) surface. The lysozyme-zwitterionic coating also deactivated 67% 

29 of surface-attached gram-positive bacteria, B. subtilis. This novel dual-function material can 
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30 produce anti-infection surfaces for medical devices and surgical tools, personal care products, 

31 and surfaces in public facilities. 

32

33 Keywords: zwitterionic, antifouling, antimicrobial, polymer, enzyme, immobilization, 

34 functionalization, deposition.
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35 1. Introduction 

36 Recent years have witnessed an increasing number of hospital-acquired infections caused 

37 by pathogen-contaminated surfaces1 calling for accelerated development of novel biomaterials to 

38 prevent fomite transmissions. Antimicrobial coatings have been developed to diminish the spread 

39 of pathogens by deactivating bacteria upon surface contact,2 which have been used in a range of 

40 applications such as medical instruments, food packaging, and implantable devices.3 For 

41 example, poly(dimethyl amino methyl styrene) [PDMAMS] thin films led to over 99.9% 

42 eradication of E. coli and B. subtilis after 1 hour of incubation.4 Coating of 3-(4′-vinylbenzyl)-

43 5,5-dimethylhydantoin (VBDMH), synthesized by admicellar polymerization, showed 

44 deactivation of 99.98% S. aureus and 99.94% E. coli within 1-30 minutes.5 Immobilization of 

45 lysozyme, an enzyme that hydrolyzes polysaccharides in the cell wall of gram-positive bacteria, 

46 was also proven effective as an antimicrobial surface design.6 Previously, ethylene vinyl alcohol 

47 films were immobilized with lysozyme and showed eradication of 80% of the surface-adhered 

48 Listeria monocytogenes;7 immobilization of lysozyme on cellulose nanofibers achieved 

49 deactivation rates of roughly 70%, 35%, 46%, and 78% against S. aureus, E. coli, L. 

50 monocytogenes, and S. cerevisiae, respectively.8 Furthermore, lysozyme is known for its 

51 excellent anti-inflammatory properties,9 as well as antiviral efficacies in a few reports.10,11

52 Although antimicrobial surfaces are fast acting, their long-term effectiveness has been 

53 limited due to the accumulation of dead cells and their debris on the surface and thus loss of 

54 direct contact between pathogens and the antimicrobial moieties (e.g., amine or lysozyme).12 The 

55 adhered cells and debris could further serve as a conditioning layer that promotes downstream 

56 formation of biofilms, exacerbating infectious diseases and potentially leading to long-term 

57 infections.13 For example, robust antimicrobial coatings that contain silver and ruthenium still 
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58 suffered from the biofilm formed by Staphylococcus aureus, which was as much as 54% in 

59 volume density compared to sterile cover slips.14 Therefore, prevention of fomite transmission of 

60 infectious diseases calls for surface coatings that demonstrate strong antibacterial efficiency and 

61 fouling resistance simultaneously. 

62 Antifouling coatings consist primarily of hydrophilic materials, which are known to 

63 reduce attachment of bacteria through a strong hydration layer (the enthalpic effect) and/or the 

64 compression of polymer chains (the entropic effect).15 Over the past decade, zwitterionic 

65 materials have made substantial impact in the field of antifouling materials design due to their 

66 outstanding fouling resistance16 and biocompatibility.17 Zwitterionic materials have equal parts 

67 of cationic and anionic groups with an overall neutral charge,18 and are often super-hydrophilic 

68 due to the strong hydration layer.19 For example, poly(sulfobetaine) (pSB)20 has demonstrated an 

69 ultralow level of nonspecific protein adsorption,21 bacterial adhesion,22 and biofilm formation.23 

70 Hence, zwitterionic materials have been used in a wide range of biological and medical 

71 applications, including antibiofouling coatings for biomedical devices,24 efficient drug 

72 nanocarriers,25 biocompatible tissue scaffolds,26 and stabilizer for enzymes. 27

73 Traditionally, antimicrobial/antifouling mono-functional polymers are synthesized via 

74 free radical polymerization, anionic polymerization, group transfer polymerization, or reverse 

75 addition-fragmentation chain-transfer (RAFT) polymerization.18 However, these solution-based 

76 methods often have limitations that stem from the requirement of large amounts of organic 

77 solvents during polymer synthesis and application.28 For instance, harmful solvents like 

78 dimethylformamide (DMF), tetrahydrofuran (THF), and dimethyl sulfoxide (DMSO) could 

79 reduce the biocompatibility of the resulting antimicrobial/antifouling polymers.29 When applied 

80 as self-assembled monolayers (SAMs), the antimicrobial/antifouling polymers can only be 
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81 prepared on gold substrates.30 To overcome these challenges, we report here the all-dry synthesis 

82 of a functionalizable zwitterionic polymer coating, which was subsequently reacted to 

83 immobilize lysozyme to enable antimicrobial-antifouling dual functions (Scheme 1). This three-

84 step synthesis procedure reported here also has the added benefit of simplicity, especially 

85 compared to the existing methods used to synthesize dual-functional coatings that often comprise 

86 over a dozen steps.13,31–34 

87 The all-dry polymerization was accomplished using initiated Chemical Vapor Deposition 

88 (iCVD),35,36 which performs polymerization and coating application in a single step, giving rise 

89 to polymer thin films on virtually any substrate.37 iCVD is an all-dry polymerization technique, 

90 which follows the free-radical chain-growth mechanism. iCVD enables synthesis of fully-

91 polymerized thin films because all residual monomers are removed by vacuum degassing.38 The 

92 room-temperature processing employed by iCVD (generally 15-50°C) also minimizes side 

93 reactions, resulting in ultra-high purity polymer thin films.39 Using iCVD, we synthesized a 

94 functionalizable copolymer, poly(4-vinylpyridine-pentaflurophenyl methacrylate-divinyl 

95 benzene) [P(4VP-PFPMA-DVB)]. The comonomer, PFPMA, was chosen because of its 

96 pentafluorophenyl ester side chain, which is prone to nucleophilic substitution by primary-

97 amine-containing molecules like enzymes,40,41 hence enabling the immobilization of lysozyme. 

98 The iCVD technique uniquely allows the random copolymerization of the hydrophilic monomer, 

99 4VP, and the hydrophobic monomer, PFPMA, thanks to its solvent-free nature. DVB was 

100 copolymerized with 4VP and PFPMA to prevent dissolution and enhance stability of the coating. 

101 Pyridinium-based sulfobetaine was obtained by derivatizing P(4VP-PFPMA-DVB) with 1,3-

102 propane sultone (PS) in vapor-phase.42 The subsequent immobilization of lysozyme onto the 

103 zwitterionic coating was achieved by incubating the coating with an aqueous solution of 
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104 lysozyme at 37°C. Successful immobilization was confirmed using scanning electronic 

105 microscopy (SEM), atomic force microscopy (AFM), and x-ray photoelectron spectroscopy 

106 (XPS). Finally, the antifouling-antimicrobial dual function of the novel coating was 

107 demonstrated using gram-positive Bacillus subtilis and gram-negative Pseudomonas aeruginosa, 

108 as evaluated by confocal microscopy. 

109 2. Experimental 

110 2.1 Materials

111 Pentafluorophenyl methacrylate (PFPMA) was purchased from Synquest Laboratories. 

112 Divinyl benzene (DVB, 80%), 4-vinylpyridine (4VP,  95%), 1,3-propane sultone (PS, 98%), ≥

113 tert-butyl peroxide (TBPO, 98%), trichlorovinylsilane (TCVS, 97%), sodium chloride (NaCl,  ≥

114 99%), and lysozyme solution (10 mg/mL) were acquired from Sigma Aldrich. Clear poly(vinyl 

115 chloride) [PVC] film was purchased from McMaster-Carr. Phosphate buffered saline (PBS) 

116 (20X, ultra-pure grade) was acquitted from VWR. PBS was diluted 1:20 with Milli-Q water to 

117 make PBS (1X) solution. The microscope cover slips (18 x 18 mm) were obtained from Fisher 

118 Scientific. Silicon (Si) wafer was purchased from Pure Wafer. 6-Well plates were acquired from 

119 Corning. The 35 mm confocal dishes with 15 mm glass bottom for imaging were purchased from 

120 VWR. For bacteria culture, lysogeny broth (LB, Difco) was used as a culture medium. Deionized 

121 water was produced by using a Milli-Q unit (Millipore) with a resistivity of 18.2 MΩ-cm at 25 

122 ºC.

123 2.2 Polymer thin film synthesis using iCVD

124 Depositions were done on glass cover slips for subsequent bacterial culture and on silicon 

125 (Si) wafer for in-situ monitoring of coating thickness and material characterizations. Prior to 

126 deposition, the substrates were cleaned in a plasma cleaner (PDC-001-HP, Harrick Plasma) 
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127 under vacuum with pressure <100 mTorr. After plasma cleaning, the samples were immediately 

128 moved to a desiccator containing 1 mL TCVS, and a silane coupling reaction was performed 

129 under vacuum for 5 minutes to prevent the delamination of the copolymer thin films. 

130 Homopolymers of P4VP and PPFPMA and copolymers of P(4VP-PFPMA) and P(4VP-PFPMA-

131 DVB) were deposited in the custom-made iCVD reactor. The polymerization reaction is depicted 

132 in Scheme 1a. Thermal decomposition of the TBPO was facilitated by the filament that was 

133 made of copper/chromium wires (80% Ni/ 20% Cr, Goodfellow), mounted parallel to each other 

134 in an array that was positioned ~2 cm above the reactor stage. The filament was heated to the 

135 temperature of 250°C by a DC power supply (B&K Precision). A cooling stage, on which the 

136 substrate to be coated was placed, was kept at 30°C by an Accel 500 LC chiller (Thermo Fisher). 

137 The reactor chamber temperature was set to 60°C. Temperatures of the filament, stage, and 

138 reactor chamber were monitored using type K thermocouples (Omega Engineering). The 

139 pressure of the reactor chamber was maintained at 0.25 Torr by a butterfly throttle valve (MKS 

140 Instruments). The polymer coating thickness on a Si wafer was monitored by in- situ laser 

141 interferometry (He-Ne laser, JDSU). During depositions, TBPO and Argon were kept at room 

142 temperature, and metered into the reactor through mass flow controllers (MKS Instruments). The 

143 monomers, i.e., 4VP, PFPMA, and DVB, were used without further purification, and were 

144 heated to 50°C, 50°C and 60°C, respectively, in glass jars and metered into the reactor through 

145 needle valves (Swagelok). The needle valves were maintained at the temperature of 80°C. The 

146 deposition conditions for the homopolymers and copolymers were summarized in Table 1. To 

147 ensure that polymer thin films were smooth and that there was no condensation on the stage, all 

148 samples were deposited with a total Pm/Psat (i.e., the total fractional saturation pressure of all 

149 monomers used in a single deposition) to be less than 0.2. 43

Page 8 of 36Journal of Materials Chemistry B



9

150 2.3 Formation of zwitterionic moieties via vapor-phase derivatization

151 The as-deposited thin films were fixed at the top of a crystallizing dish (VWR) with 

152 Kapton tape. 1 g of PS was added to the bottom of the dish. The dish was covered with 

153 aluminum foil and transferred into a vacuum oven (VivTek, FVL-A30) and incubated for 6 hours 

154 at 60ºC.44 The schematic for the vapor-phase derivatization reaction is depicted in Scheme 1a. 

155 After the reaction, a sulfobetaine functional group was formed producing a zwitterionic form of 

156 the copolymer thin film, P(4VPz-PFPMA-DVB).45

157 2.4 Enzyme immobilization via nucleophilic substitution reaction

158 Following the vapor-phase derivatization, the coated glass cover slips and Si wafer were 

159 incubated in a lysozyme solution in PBS (1 mg/mL) for 6 hours at 37°C.40 This temperature was 

160 selected to avoid denaturation of lysozyme, which has been reported to occur at above 40°C.46 

161 After incubation, the samples were rinsed with PBS and Milli-Q water and stored in PBS at 4°C 

162 prior to subsequent studies. 

163 2.5 Thickness measurements of the polymer thin films 

164 The coating thickness was measured on flat Si wafer using a J.A. Woollam Alpha-SE 

165 spectroscopic ellipsometer at three different incidence angles of 65°, 70°, and 75° with 

166 wavelength range from 315 to 718 nm.35 The Cauchy-Urban model was used to fit the data. 

167 2.6 Chemical characterization of the polymer thin films

168 Fourier transform infrared (FTIR) spectra were collected using a Nicolet iS50 (Thermo 

169 Fisher Scientific) spectrometer in transmission mode. The spectra were collected with a 

170 deuterated triglycine sulfate (DTGS) detector over the range of 500 – 4000 cm-1 with resolution 

171 of 4 cm-1
. The data was averaged over 128 scans to improve the signal-to-noise ratio.47 All 
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172 collected spectra were normalized by the polymer film thickness and baseline-corrected by 

173 subtracting a background spectrum (Si wafer) using the OMNIC software. 

174 Prior to XPS, all samples were stored in a vacuum box. XPS was done using a Scienta 

175 Omicron ESCA 2SR spectrometer with a monochromatized Al K  source at a power of 150 W 𝛼

176 and voltage of 12 kV. The charge neutralizer was set to beam energy of 5 eV, focus voltage of 

177 300 V and emission of 15 A. The survey spectra were collected over 0 – 1200 eV, while N(1s) 𝜇

178 and C(1s) high resolution spectra were collected over 392 - 412 eV and 278 – 303 eV, 

179 respectively. The atomic percentage (at. %) of each element in the samples were determined by 

180 using CasaXPS software with Shirley background. The charging was corrected by using the 

181 reference value of 284.8 eV, which is the binding energy for C-C and C-H bonds arising in C(1s) 

182 high-resolution spectra.48

183 2.7 Dynamic contact angle evaluation on the polymer thin films

184 To determine contact angle hysteresis, dynamic water contact angles (WCA), i.e., 

185 advancing and receding contact angles, were measured by Rame-Hart Model 500 goniometer at 

186 room temperature with Milli-Q water using the volume-addition method. Water droplets were 

187 dispensed onto a surface by using an automatic dispenser. The advancing contact angle was 

188 defined to be the largest angle obtained on the surface when increasing the drop size from 1 µL 

189 to 10 µL while the receding angle was the smallest angle obtained during retraction of a water 

190 droplet from 10 µL to 0 µL.

191 2.8 Assessment of crystallinity of the polymer thin films

192 X-ray diffraction (XRD) was performed using a Bruker-D8 Power Diffractometer from 

193 10 to 50° to measure the crystallinity of the samples.
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194 2.9 Characterization of the film surface morphology

195 Surface morphology was evaluated by using AFM and SEM. Asylum-MFP3D-BIO 

196 microscope was utilized in AC tapping mode with n+-Si PPP-NCSTR-10 cantilevers 

197 (Nanosensors). To quantify surface roughness, 5 x 5 m regions of copolymer thin films (coated 𝜇

198 onto Si wafers) were scanned with a frequency of 0.5 Hz. Top-view SEM images of the polymer 

199 thin films were captured by Zeiss Gemini 500 microscope at electron beam energy of 1 eV. Prior 

200 to SEM imaging, the samples were coated with ~5 nm gold to prevent electron charging.

201 2.10 Evaluation of antifouling and antimicrobial performance

202 B. subtilis (DK1042 strain) and P. aeruginosa (PAO1 strain) were used for experimental 

203 validation of the antifouling-antimicrobial dual function. Those strains were selected because 

204 they were commonly used model strains in antifouling and antimicrobial research.44,49 Both 

205 strains were preserved in glycerol at - 80°C prior to the validation experiments. 

206 The assessment of dual function began with streaking out bacteria cells from the frozen 

207 stocks onto fresh trypticase soy agar (TSA) plates, and incubating them overnight (for ~16 

208 hours) at 37°C. After the incubation, the plates were taken out and a single colony of each strain 

209 was inoculated in LB medium and cultured for 18 hours at 37°C in a shaker at 225 rpm. After 18 

210 hours, OD600 measurements reached ~0.2 - 0.3 for DK1042 and ~0.5 - 0.6 for PAO1. Both 

211 overnight cultures were diluted 10 times for the antifouling-antimicrobial tests. Meanwhile, 

212 coated coverslips or PVC films were placed into a 6-well plate and disinfected under UV light 

213 for 30 minutes. 3 mL of the 10-time dilutions of the overnight cultures was added into each well, 

214 in which the coverslips and PVC films were incubated horizontally at 37°C for 2 hours to allow 

215 enough time for bacteria to interact with the surfaces. After the incubation, the coverslips and 

216 PVC films were removed from the 6-well plate and washed with 0.15 M solution of NaCl. The 
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217 cover slips were then stained using LIVE/DEAD BacLight Bacterial Viability Kit (Thermo 

218 Fisher) for 15 minutes, rinsed with NaCl solution, and then put onto a confocal dish for 

219 subsequent observation using a Zeiss 710 confocal microscope (40x water objective). The 

220 antifouling and antimicrobial performance was evaluated by counting the bacteria in fluorescent 

221 green (488 nm laser) and red (561 nm laser), respectively. The number of adhered cells was 

222 quantified using the Fiji/ImageJ software. 

223 2.11 Evaluation of cytotoxicity 

224 The primary human dermal fibroblast cells (HDF, ATCC PCS-201-012) were cultured 

225 using the Fibroblast Basal Medium (ATCC PCS-201-030) and the Fibroblast Growth Kit-Low 

226 Serum (ATCC PCS-201-041) in a humidified 5% CO2-containing balanced-air incubator at 

227 37°C.

228 Transwell membrane inserts (0.4-µm pore size; Costar, USA) and the 24-well plates 

229 (Corning Costar, USA) were used as the donor and acceptor chambers, respectively. The 

230 fibroblast cell was seeded at a density of 4×104 cells per well in a 24-well plate and incubated 

231 overnight at 37 °C in a humidified 5% CO2-containing atmosphere. After that, the medium in 

232 each well was replaced by 1 mL fresh medium. The Transwell membrane insert containing a 

233 coverslip (5 mm*5 mm) with P(4VPz-PFPMA-DVB-lysozyme) was placed into the 24-well 

234 plate with the samples merged in fresh medium and co-incubated with the cells for 24 and 48 

235 hours. The cells exposed to the clean glass coverslip were tested as a control group. Viability of 

236 the cells was quantified using the Cell Counting Kit-8 (CCK-8 kit; Dojindo Molecular 

237 Technologies, Japan). The absorbance at 450 nm was measured after incubating cells with the 

238 CCK-8 kit reagents for 1-2 hours. Empty wells with CCK-8 assay reagents only were used as 

239 blanks and their average absorbance was subtracted from the final reading. Relative cell viability 

Page 12 of 36Journal of Materials Chemistry B



13

240 was calculated by normalizing the absorbance readings using that of untreated cells. All assays 

241 were carried out in quadruplicates.

242 3. Results and Discussion 

243 3.1 Synthesis and characterization of the copolymer P(4VP-PFPMA-DVB)

244 Copolymer P(4VP-PFPMA-DVB) and homopolymers of P4VP and PPFPMA were 

245 synthesized via iCVD. DVB was used as a crosslinker to prevent coating dissolution during or 

246 after the immobilization of lysozyme. The solvent-free nature of iCVD makes it attractive for 

247 biomedical and biological applications, where toxic solvents are to be avoided if possible.28 The 

248 iCVD technique consists of three simultaneous processes: (1) decomposition of initiator, TBPO 

249 in this case, upon passing resistively heated filament array to generate free radicals, (2) 

250 adsorption of vaporized monomers onto a cooled substrate, and (3) chemisorption of free radicals 

251 onto the monomer-covered substrate to initiate a polymerization reaction on the substrate and 

252 form a thin film.50,51 Coating thickness was monitored in real time using a laser interferometer 

253 and polymer growth was terminated once the desirable thickness (~100 nm) was reached. 

254 Pyridinium-based sulfobetaine side groups were formed via the vapor-phase reaction with PS 

255 under vacuum.

256 Molecular structures of P4VP, PPFPMA, P(4VP-PFPMA), and P(4VP-PFPMA-DVB) 

257 that were synthesized using the iCVD technique were first confirmed using FTIR (Figure 1a). 

258 The thickness-normalized P4VP spectrum had peaks at 1597 cm-1 and 1416 cm-1, which were 

259 characteristic vibrations of the pyridine ring. The FTIR spectrum of PPFPMA had 4 

260 characteristic peaks. The strongest peak was located at 1520 cm-1, which corresponded to the 

261 vibration of C-C in the benzene ring. The peaks at 1065 cm-1 and 995 cm-1 were due to the ester 

262 bond and the C-F moiety, respectively. The absorption at 1780 cm-1 was due to the vibration of 
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263 carbonyl (C=O) group. Lastly, there were no peaks associated with vinyl C-H stretching (3000 – 

264 3100 cm-1), confirming complete polymerization of PFPMA monomer. Thin films of P(4VP-

265 PFPMA) and P(4VP-PFPMA-DVB) (the latter containing 16.6% DVB, calculated using the peak 

266 area at 712 cm-1] retained the characteristic absorptions of C=O stretching from the PFPMA units 

267 at 1776 cm-1 and the pyridine ring from the 4VP units (at 1597 cm-1). Both peaks were marked 

268 with dashed lines in Figure 1a, confirming the successful copolymerization of 4VP and PFPMA 

269 through iCVD. The peak at 712 cm-1 (red arrow in Figure 1a), indicative of C-C vibration of the 

270 phenyl moieties in DVB,52 was observed only in the spectrum of P(4VP-PFPMA-DVB). There 

271 was no peak observed at 903 cm-1, the wavenumber indicative of unreacted/pendant vinyl bonds, 

272 hence confirming complete polymerization of P(4VP-PFPMA-DVB).52 In addition, there was a 

273 slight shift observed for the C=O stretching peak, from 1780 cm-1 (for the PPFPMA 

274 homopolymer) to 1776 cm-1 (for the copolymers), indicating that the copolymerization reaction 

275 occurred rather than simple mixing of the homopolymers. 

276 The wetting properties and stability of the as-deposited coatings were assessed using 

277 dynamic water contact angle measurements (Figure 2),53 where advancing water contact angle 

278 reflects the surface energy under dry ambient conditions and receding water contact angle 

279 reflects that under submerged conditions. PPFPMA had an advancing contact angle of 98.6 ± 

280 2.1° and receding contact angle of 83.0 ± 0.70°, indicating its moderate hydrophobicity with low 

281 hysteresis (i.e., 15.6°), which was consistent with previous reports.54 P(4VP-PFPMA) and 

282 P(4VP-PFPMA-DVB) had advancing contact angles of 88.1 ± 4.3° and 92.4 ± 0.4°, and receding 

283 angles of 45.6 ± 5.2° and 47.0 ± 1.3°, hence contact angle hysteresis values of ~43° and ~45°, 

284 respectively. That large contact angle hysteresis was attributed to surface chain reorientation, 

285 which has been commonly observed on the surface of amphiphilic copolymers.44 None of the 
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286 films tested demonstrated dissolution during the dynamic contact angle measurements, indicating 

287 good stability in an aqueous environment.

288 3.2 Vapor-phase derivatization to obtain copolymers containing pyridinium-based 

289 sulfobetaine

290 The derivatization, achieved by exposing the iCVD thin films to a vapor of PS, was done 

291 on P(4VP-PFPMA) and P(4VP-PFPMA-DVB). Distinct from previously reported derivatization 

292 temperature (i.e., 60°C), here a lower temperature of 40°C was used due to potential side 

293 reactions between PFPMA and PS. Indeed, when derivatized at 60°C, the PFPMA units in 

294 P(4VP-PFPMA) demonstrated a loss of the pentafluorophenyl groups, indicated by the reduced 

295 peak intensity at 1065 cm-1 and 995 cm-1 (corresponding to the ester bond and the C-F moiety, 

296 respectively), while the peaks at 1597 cm-1 and 1416 cm-1, indicative of the 4VP units, remained 

297 unchanged (Figure S1). Furthermore, the peak corresponding to the SO3
- group at 1205 cm-1 

298 showed an increased area under the curve, implying replacement of the pentafluorophenyl group 

299 by the SO3
- group at 60°C. That side reaction was minimized when the derivatization reaction 

300 was performed at 40°C, as indicated by the unchanged peak intensities for the pentafluorophenyl 

301 group before and after the reaction (Figure S1). To further prevent film dissolution after the 

302 vapor-phase derivatization, DVB was added to the copolymer. Successful derivatization of 

303 P(4VP-PFPMA-DVB) was confirmed by the new peak at 1643 cm-1, which corresponded to a 

304 newly formed pyridinium ring, and the medium-strength peak at 1205 cm-1, which corresponded 

305 to the symmetric vibration of SO3
- group (Figure 1a). 

306 Success of derivatization was further corroborated by XPS survey scans (Figure S2) and 

307 high-resolution N(1s) (Figure 1b) scans. The survey scans of P(4VP-PFPMA-DVB) and P(4VPz-

308 PFPMA-DVB) demonstrated C at 287 eV, N at 401 eV, O at 535 eV and F at 690 eV. P(4VPz-
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309 PFPMA-DVB) also had a S peak at 170 eV. The composition of P(4VP-PFPMA-DVB) was 

310 determined using the fluorine to nitrogen ratio and FTIR results for DVB composition in the 

311 coating (see Supporting Information), indicating a molar percentage of PFPMA of 37.7 ± 2.3%, 

312 which remained nearly unchanged (43.5 ± 5.6%) after the derivatization. Hence, the replacement 

313 of pentafluorophenyl group by SO3
- group was minimal during the derivatization of P(4VP-

314 PFPMA-DVB). The composition of about 56.5% 4VP and 43.5% PFPMA was chosen as a result 

315 of a series of composition optimization experiments, with the goal of obtaining a stable and 

316 insoluble hydrophilic coating to ensure good antifouling performance. As shown in Figure 2, 

317 hydrophobicity increased rapidly with higher amounts of PFPMA, which could jeopardize the 

318 antifouling properties of the coating. Meanwhile, incorporating more 4VP led to instability and 

319 dissolution of the coating after the enzyme immobilization reaction, as revealed by the XPS 

320 survey scans shown in Figure S3 and Table S1. It is worth noting that the content of S was 3-fold 

321 that of N, which can be attributed to the adsorption of unreacted PS on P(4VPz-PFPMA-DVB). 

322 For P(4VPz-PFPMA-DVB) with 21.8 ± 6.8% PFPMA, a significant reduction in fluorine (from 

323 5.02% to 0.59%), sulfur (6.00 to 0.72%), a drastic increase in oxygen (from 14.04% to 26.93%) 

324 and presence of contaminant elements (i.e., a total of 12.83% of the elements of sodium, 

325 chlorine, and phosphorus, likely introduced by the contact with the PBS buffer) were observed 

326 after the enzyme immobilization reaction. The dissolution was most obvious from visual 

327 inspections using a digital microscope (Figure S4). Hence, P(4VPz-PFPMA-DVB) with 43.5 ± 

328 5.6% PFPMA was used for subsequent enzyme immobilization and antifouling- antimicrobial 

329 performance evaluation.

330 In the N(1s) high-resolution spectra (Figure 1b), the formation of zwitterionic moieties 

331 led to a shift in the N(1s) binding energy, from 399.0 eV to 401.7 eV. The peaks before and after 
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332 the derivatization had no overlap, indicating complete conversion of pyridine to pyridinium at 

333 the surface of the P(4VP-PFPMA-DVB) thin film (XPS has a penetration depth of 10 nm).55,56 

334 Lastly, PPFPMA and P(4VPz-PFPMA-DVB) did not form any crystals as confirmed by XRD 

335 (Figure S5), following other perfluorinated monomers with short chain length.57

336 Wetting properties of the derivatized films were also assessed using dynamic water 

337 contact angle measurements (Figure 2). While the P(4VP-PFPMA-DVB) films demonstrated 

338 advancing and receding contact angles of 92.4 ± 0.4° and 47.0 ± 1.3°, the derivatized film, i.e., 

339 P(4VPz-PFPMA-DVB), had advancing and receding angles of 86.4 ± 2.2° and zero. The 

340 unchanged advancing contact angle confirmed that the derivatization did not remove a 

341 substantial amount of pentafluorophenyl side chains in PFPMA. The zero receding contact angle 

342 confirmed the hydrophilicity of the copolymer film when submerged, hinting at excellent 

343 antifouling properties. The large contact angle hysteresis was indicative of facile surface chain 

344 reorientations, as discussed above.44

345 In summary, FTIR, XPS, and dynamic contact angle measurements confirmed the 

346 successful synthesis of a novel zwitterionic copolymer, P(4VPz-PFPMA-DVB), which will be 

347 subject to the immobilization of lysozyme for the antimicrobial-antifouling dual function.

348 3.3 Enzyme immobilization on the zwitterionic copolymer via nucleophilic substitution

349 The nucleophilic substitution reaction, enabled by the pentafluorophenyl side groups in 

350 P(4VPz-PFPMA-DVB), allowed surface tethering of lysozyme via the primary amine groups in 

351 the enzyme. The primary amine groups in lysozyme can be divided into two classes: the -amino 𝛼

352 group located at the N-terminus and the -amino groups introduced by lysine residues.58 𝜀

353 Therefore, during the bioconjugation step, both classes of primary amine groups could 

Page 17 of 36 Journal of Materials Chemistry B



18

354 participate in the nucleophilic substitution. Scheme 1 showed the reaction via -amino group (at 𝛼

355 the N-terminus) only for illustration purposes. 

356 The nucleophilic substitution reaction was performed by incubating the P(4VPz-PFPMA-

357 DVB) thin films with 1 mg/mL solution of lysozyme dissolved in PBS for 6 hours at 37°C. 

358 Success of the bioconjugation was confirmed using XPS (Figure 3). Compositions of P(4VPz-

359 PFPMA-DVB) and P(4VPz-PFPMA-DVB-lysozyme) were calculated from the XPS survey 

360 spectra (Figure 3a) and summarized in Table 2. Upon completion of the bioconjugation step, the 

361 atomic percentage of nitrogen increased from 1.50% [for P(4VPz-PFPMA-DVB)] to 4.39% 

362 P(4VPz-PFPMA-DVB-lysozyme) due to the tethering of lysozymes (which has an atomic 

363 percentage of nitrogen of 17.40%). Additionally, the amount of sulfur changed from 3.80% to 

364 3.00% after the immobilization reaction due to presence of lysozyme (which has an atomic 

365 percentage of sulfur of 1.10%). The atomic percentage of fluorine decreased from 9.87% [for 

366 P(4VPz-PFPMA-DVB)] to 7.17% [P(4VPz-PFPMA-DVB-lysozyme)], indicating replacement of 

367 the pentafluorophenyl group by lysozyme (Scheme 1). That change in fluorine content 

368 corresponded to a degree of substitution of 27.4%, i.e., 27.4% of the PFPMA moieties in 

369 P(4VPz-PFPMA-DVB) were converted to immobilization sites for lysozyme. That represents the 

370 highest degree of substitution that we were able to achieve, based on extensive optimization 

371 experiments around the reaction conditions (e.g., temperature and duration). Furthermore, high-

372 resolution N(1s) scans illustrated that a new peak at 399.7 eV emerged in the spectrum for 

373 P(4VPz-PFPMA-DVB-lysozyme) compared to that for P(4VPz-PFPMA-DVB), corresponding 

374 to the amide bond introduced by the surface-immobilized lysozyme.59 The peak corresponding to 

375 the pyridinium nitrogen, at 401.7 eV, was retained. Hence, XPS confirmed that lysozyme was 
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376 immobilized onto P(4VPz-PFPMA-DVB) via nucleophilic substitution of the pentafluorophenyl 

377 group, while retaining the zwitterionic moieties in the copolymer thin films. 

378 Presence of the surface-tethered lysozymes was further confirmed via morphological 

379 characterizations using AFM and SEM and comparison to the morphology of PPFPMA, P4VP, 

380 and P(4VPz-PFPMA-DVB) thin films (Figure 4). The homopolymer of PPFPMA (with the 

381 thickness of 242.6 ± 25.3 nm) demonstrated a root-mean-square (RMS) roughness of 37.29 ± 

382 10.53 nm (Figure 4a), which was in agreement with previous studies.60,61 This high roughness 

383 could be attributed to cluster formation during iCVD polymerization due to the strong 

384 intermolecular interactions of PFPMA monomers.41 The homopolymer of P4VP (with the 

385 thickness of 236.3 ± 8.6 nm) was extremely smooth with the RMS roughness of 0.53 ± 0.10 nm 

386 (Figure 4b), which was consistent with the RMS roughness of most iCVD polymer thin films.35 

387 Similarly, P(4VPz -PFPMA-DVB) copolymer thin films (with the thickness of 271.5 ± 8.9 nm) 

388 demonstrated a similar RMS roughness of 0.69 ± 0.18 nm (Figure 4c). The thin film of P(4VPz -

389 PFPMA-DVB-lysozyme) had an RMS roughness of 2.66 ± 1.48 nm (Figure 4d), about 5-fold the 

390 roughness of P(4VPz -PFPMA-DVB). This increment in roughness was a result of the successful 

391 attachment of lysozymes onto the surface of the film, as evident from the morphology captured 

392 in the AFM image (Figure 4d). The morphology of lysozyme clusters on the surface of P(4VPz -

393 PFPMA-DVB-lysozyme) was also confirmed using SEM. The thin film of P(4VPz-PFPMA-

394 DVB) was smooth and free of surface defects (Figure 4e), whereas protein aggregates emerged 

395 after the nucleophilic substitution reaction (Figure 4f) [See Figure S6 for lower magnification 

396 images]. The average diameter of the aggregates on the P(4VPz -PFPMA-DVB-lysozyme), as 

397 measured using the SEM images, was 37.8 ± 31.6 nm (n=3, typical diameter of lysozyme is 1.5-

398 6 nm),62 which agreed well with previous studies.63 
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399 3.4 Antifouling-antimicrobial dual function achieved by P(4VPz -PFPMA-DVB-lysozyme)

400 Polymers containing pyridinium-based sulfobetaine are well known for their excellent 

401 antifouling performance.44 Nevertheless, the extreme hydrophilicity of sulfobetaine groups 

402 sometimes render the polymer thin film soluble during prolonged incubation in aqueous 

403 environments.64 To confirm that the coatings were not water-soluble and was sufficiently stable 

404 for the antifouling/antimicrobial assessments, P(4VPz-PFPMA-DVB) and P(4VPz-PFPMA-

405 DVB-lysozyme) were incubated in LB medium at 37°C for 8 hours. The coating thickness of 

406 P(4VPz-PFPMA-DVB) remained unchanged after the incubation (Figure S7), confirming the 

407 insolubility of the coating. We were not able to quantify the thickness of P(4VPz-PFPMA-DVB-

408 lysozyme) after the incubation due to its high surface roughness and large error in the 

409 ellipsometry measurements, which was likely a result of the conformational change of the 

410 surface-attached lysozyme. As such, we instead used FTIR to assess the chemical stability of 

411 P(4VPz-PFPMA-DVB-lysozyme) (Figure S8). In the FTIR spectra before and after incubation.  

412 the peaks at 1775 cm-1 (C=O group), 1641 cm-1 (quaternized pyridinium ring), and 1209 cm-1 

413 (SO3
- group) remained unchanged, indicating minimal change in the coating composition after 

414 the incubation.

415 The antifouling-antimicrobial dual function was assessed by incubating P(4VPz-PFPMA-

416 DVB-lysozyme), P(4VPz-PFPMA-DVB), and PVC (the latter two for the purpose of 

417 comparison) in concentrated cultures of P. aeruginosa (gram-negative) or B. subtilis (gram-

418 negative) for 2 hours, followed by staining using the LIVE/DEAD BacLight Bacterial Viability 

419 Kit and imaging using confocal microscopy. The 2-hour incubation was select to avoid formation 

420 of biofilm on the PVC surface (which was most prone to biofouling) and to ensure that the 

421 adhesion/eradication of bacteria on the surfaces was fully quantifiable. Antifouling performance 
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422 was quantified by dividing the total number of surface-attached bacteria on P(4VPz-PFPMA-

423 DVB-lysozyme) [or P(4VPz-PFPMA-DVB)] by that on a PVC surface, while antimicrobial 

424 performance was quantified by dividing the number of dead cells on each surface by the total 

425 number of cells (both alive and dead) on that surface. PVC was chosen as a benchmark for an 

426 “uncoated” surface because it is commonly used in microbiology studies as the material for 

427 culture plates.23 

428 The antifouling performance was assessed using a gram-negative bacterium, P. 

429 aeruginosa strain PAO1, due to its strong tendency to form biofilms and cause severe fouling on 

430 submerged surfaces.44 Figure 5a shows the fluorescent confocal images of P. aeruginosa on 

431 PVC, P(4VPz-PFPMA-DVB), and P(4VPz-PFPMA-DVB-lysozyme). As expected, the greatest 

432 amount of P. aeruginosa was captured on the surface of PVC. The counts of bacteria on P(4VPz-

433 PFPMA-DVB) were 26 ± 2% (n = 5) the bacterial counts on PVC, indicating good antifouling 

434 performance of this copolymer. Interestingly, P(4VPz-PFPMA-DVB-lysozyme) achieved even 

435 better antifouling performance, with a reduction of 87 ± 12% (n = 5) compared to PVC. Similar 

436 observations, namely enhanced antifouling performance upon incorporation of lysozymes, have 

437 been previously reported for poly(ethylene glycol)65, and poly(ethylene glycol methacrylate) 

438 coatings,66 albeit the underlying mechanism for this enhancement remains elusive. Although this 

439 was the first time that lysozyme has been incorporated into zwitterionic thin films, we 

440 hypothesize that the observed reduction in bacterial adhesion was due to the inherent fouling 

441 resistance of lysozyme, which displays a hydrophilic surface67,68 with most nonpolar groups 

442 buried in cavities.69 This hypothesis was corroborated by the dynamic water contact angles 

443 measured on P(4VPz-PFPMA-DVB-lysozyme). According to Figure 2, the advancing contact 

444 angle of P(4VPz-PFPMA-DVB-lysozyme) was 57.5 ± 3.1°, which was ~ 30° lower than the 
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445 advancing water contact angle of (P4VPz-PFPMA-DVB). Such significant reduction was 

446 attributed to the hydrophilicity of lysozymes. That hydrophilic protein surface could increase the 

447 enthalpic barrier to bacterial adhesion. Hence, we attributed the further reduction of bacterial 

448 adhesion on dual function coatings to the higher concentration of polar groups at the surface of 

449 lysozyme. Dead cells (indicated by red fluorescence) were absent from all three surfaces, 

450 including P(4VPz-PFPMA-DVB-lysozyme), which was consistent with the literature reporting 

451 that the antimicrobial effects of lysozyme target gram-positive bacteria.70

452 To assess that antimicrobial effect against gram-positive bacteria, B. subtilis strain 

453 DK1042 was used as a second model strain (Figure 5b). A lower number of B. subtilis cells 

454 adhered to PVC compared to the number of adhered P. aeruginosa due to the well-characterized 

455 biofilm-forming tendency of the latter. Nevertheless, similar to the antifouling performance 

456 against P. aeruginosa, P(4VPz-PFPMA-DVB) also led to a fouling reduction of 71 ± 13% (n =5) 

457 against B. subtilis, compared to that on PVC. P(4VPz-PFPMA-DVB-lysozyme) demonstrated 

458 antifouling-antimicrobial dual function, where the total cell count of B. subtilis was reduced by 

459 75 ± 14% (n = 5) compared to that on PVC and 67 ± 2% (n = 5) of the adhered cells were 

460 deactivated (indicated by red fluorescence). We believe that achieving the highest possible 

461 degree of substitution for the enzyme immobilization is critical for the antimicrobial performance 

462 and that the deactivation rate of 67 ± 2% was the maximum antimicrobial effect achievable using 

463 the reported copolymer system.

464 3.5 Cytotoxicity of P(4VPz -PFPMA-DVB-lysozyme)

465 Cytotoxicity of P(4VPz-PFPMA-DVB-lysozyme) was evaluated and quantified with the 

466 HDF cells, a connective tissue cell line commonly used to assess cell viability after exposing to 

467 potentially cytotoxic compounds. Cell viability after the exposure was quantified by using the 
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468 CCK-8 assay. The percentage of cell viability was assessed with pristine cover slips, which 

469 served as the control group, and with P(4VPz-PFPMA-DVB-lysozyme)-coated cover slips as the 

470 testing group for 24 and 48 hours (Figure 6). 

471 Reduction in the average cell viability was observed after 24- and 48-hour incubations 

472 with statistical significance (p < 0.05). Specifically, the average cell viability on P(4VPz-

473 PFPMA-DVB-lysozyme)-coated cover slips was 86.0 ± 0.2% after 24 hours of incubation and 

474 73.7 ± 1.1%, after 48 hours of incubation, compared to the cell viability on pristine cover slips. 

475 Those reductions in cell viability could be attributed to the presence of fluorine elements in the 

476 coating (with an atomic percentage of ~7.17%). Fluorine-containing compounds have been 

477 reported to inhibit mammalian cell growth.71 Nevertheless, we determined that this cytotoxicity 

478 is slight to mild, based on the ISO 10993-5 international standard, which indicates that in vitro 

479 cell viability above 70% is considered acceptable for applications in medical devices. As such, 

480 P(4VPz-PFPMA-DVB-lysozyme) could serve as effective antimicrobial coatings in a broad 

481 range of medical and sustainability applications.72–74 To further reduce the cytotoxicity, the 

482 remaining PFPMA units in the P(4VPz-PFPMA-DVB-lysozyme) could be eliminated through a 

483 subsequent reaction with 2-(2-aminoethoxy)ethanol, as shown in previous reports.40

484 4. Conclusion 

485 In conclusion, we demonstrated a three-step procedure to synthesize a novel 

486 bioconjugated zwitterionic coating with antifouling-antimicrobial dual function. The three steps 

487 comprised (1) vapor-deposition of the copolymer P(4VP-PFPMA-DVB), affording pyridine 

488 nitrogen, (2) low-temperature and all-dry derivatization of the pyridine nitrogen (via exposure to 

489 PS) to form pyridinium-based zwitterionic moieties, and (3) immobilization of an antimicrobial 
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490 enzyme, lysozyme, via nucleophilic substitution of the pentafluorophenyl group. The 

491 simultaneous antifouling and antimicrobial functions of the novel material, P(4VPz-PFPMA-

492 DVB-lysozyme), was illustrated by a reduction of 87 ± 12 % in the adhesion of a biofilm-

493 forming strain (PAO1) compared to uncoated PVC and a reduction of 75 ± 16% in the adhesion 

494 of B. subtilis. The immobilized lysozyme was antimicrobial against the gram-positive bacterium, 

495 B. subtilis, deactivating 67 ± 2% of the adhered cells. Based on the reduction of adhesion by 

496 gram-negative bacteria and the deactivation of gram-positive bacteria, P(4VPz-PFPMA-DVB-

497 lysozyme) represents a promising biomaterial. Despite the mild reduction in the viability of the 

498 HDF cells grown on P(4VPz-PFPMA-DVB-lysozyme) (i.e., 73.7 ± 1.1%), this level of 

499 cytotoxicity remains within acceptable range for biomedical applications. Therefore, we 

500 concluded that that P(4VPz-PFPMA-DVB-lysozyme) could reduce the transmission of infectious 

501 diseases in the healthcare and public facilities with incurring mild toxicity. Although not a focus 

502 of the current study, the residual PFPMA units in the copolymer could be removed through a 

503 secondary reaction with 2-(2-aminoethoxy)ethanol, to further improve biocompatibility of the 

504 coating for potential in vivo applications.40 Future studies will also focus on the detailed 

505 evaluations of the effect of surface-immobilization on enzymatic activity, stability, protein 

506 structure, and the long-term effectiveness of the novel coating. The degree of substitution of 

507 pentafluorophenyl group by the enzyme immobilization reaction will be optimized by 

508 systematically varying the reaction conditions.
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651 8. Tables

652 Table 1. iCVD deposition conditions of the polymer thin films.
Flow rate (sccm)

Sample
4VP PFPMA DVB Argon TBPO

Stage 
Temperature 

(°C)

PPFPMA 0.22 ± 0.03 0.51 ± 0.04 32.5 ± 2.6

P4VP 2.28 ± 0.02 1.99 ± 0.05 1.01 ± 0.03 27.2 ± 1.3

P(4VP-PFPMA) 1.01 ± 0.06 0.25 ± 0.06 0.25 ± 0.06 0.51 ± 0.07 30.7 ± 1.6

P(4VP-PFPMA-
DVB) 1.10 ± 0.05 0.23 ± 0.02 0.20 ± 0.01 0.49 ± 0.02 30.3 ± 3.6

653
654
655 Table 2. Elemental compositions of P(4VPz-PFPMA-DVB) with 43.5 ± 5.6% PFPMA before 
656 and after the enzyme immobilization step, derived from their XPS survey scans, and the 
657 theoretical elemental composition of lysozyme.75

Sample O % C % N % F % S %
P(4VP-PFPMA-DVB) 5.70 79.99 2.62 11.68
P(4VPz-PFPMA-DVB) 12.42 71.92 1.50 9.87 3.80

P(4VPz-PFPMA-DVB-lysozyme) 13.15 72.29 4.39 7.17 3.00
Lysozyme 19.90 61.70 17.40 1.10

658
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659 9. Schemes

660 Scheme 1. Schematic of (a) the copolymerization reaction to produce P(4VP-PFPMA-DVB) via 
661 iCVD, and the subsequent treatment to produce zwitterionic moieties; (b) nucleophilic 
662 substitution reaction for enzyme immobilization. The 3D structure of lysozyme was obtained 
663 from RCSB Protein Data Bank.76 Note that other primary amines in lysozyme likely also react 
664 with the polymer and here the N-terminus was used only for illustration purposes.
665

666
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668 10. Figures

669
670 Figure 1.  Chemical characterization of the polymer thin films deposited by iCVD. (a) FTIR 
671 spectra of the homopolymers, P4VP and PPFPMA, as well as copolymers, P(4VP-PFPMA), 
672 P(4VP-PFPMA-DVB) and P(4VPz-PFPMA-DVB). The red arrow indicates the characteristic 
673 peak for DVB, located at 712 cm-1. The dashed lines represent the peaks attributed to the 
674 carbonyl group at 1776 cm-1 and the pyridinium ring at 1597 cm-1. (b) XPS N(1s) high-resolution 
675 spectra for P(4VP-PFPMA-DVB) and its zwitterionic derivative, P(4VPz-PFPMA-DVB).
676
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677
678 Figure 2. Dynamic water contact angle measurements for PPFPMA homopolymer, P(4VP-
679 PFPMA), P(4VP-PFPMA-DVB) and P(4VPz-PFPMA-DVB) copolymer thin films. Note that the 
680 receding contact angles of P(4VPz-PFPMA-DVB) and P(4VPz-PFPMA-DVB-lysozyme) were 
681 zero (marked with red asterisks).
682
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683
684 Figure 3. XPS (a) survey scans and (b) high-resolution N(1s) spectra of P(4VPz-PFPMA-DVB) 
685 with 43.5 ± 5.6% PFPMA before and after the enzyme immobilization. The peaks at 233 eV and 
686 170 eV correspond to S2s and S2p, respectively.
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687
688 Figure 4. Topographical and morphological characterization of the polymer thin films. AFM 
689 images with respective RMS surface roughness of iCVD-synthesized (a) PPFPMA 
690 homopolymer, (b) P4VP homopolymer, (c) P(4VPz-PFPMA-DVB) thin film, and (d) P(4VPz-
691 PFPMA-DVB-lysozyme) thin film. Data = Mean ± SD, n=2. SEM images of P(4VPz-PFPMA-
692 DVB) (e) before and (f) after the enzyme immobilization reaction.
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693
694 Figure 5. Confocal microscope images of (a) P. aeruginosa and (b) B. subtilis after a 2-hour 
695 incubation at 37°C with PVC films, P(4VPz-PFPMA-DVB), and P(4VPz-PFPMA-DVB-
696 lysozyme). All images were taken with the same magnification.
697
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698
699 Figure 6. Cytotoxicity results for HDF cells, after co-incubating with P(4VPz-PFPMA-DVB-
700 lysozyme) or pristine cover slips (i.e., “Control”), for 24 and 48 hours.
701
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