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A B S T R A C T   

The ongoing pandemic caused by the novel coronavirus has turned out to be one of the biggest threats to the 
world, and the increase of drug-resistant bacterial strains also threatens the human health. Hence, there is an 
urgent need to develop novel anti-infective materials with broad-spectrum anti-pathogenic activity. In the pre
sent study, a fluorinated polycationic coating was synthesized on a hydrophilic and negatively charged polyester 
textile via one-step initiated chemical vapor deposition of poly(dimethyl amino methyl styrene-co-1H,1H,2H,2H- 
perfluorodecyl acrylate) (P(DMAMS-co-PFDA), PDP). The surface characterization results of SEM, FTIR, and EDX 
demonstrated the successful synthesis of PDP coating. Contact angle analysis revealed that PDP coating endowed 
the polyester textile with the hydrophobicity against the attachment of different aqueous foulants such as blood, 
coffee, and milk, as well as the oleophobicity against paraffin oil. Zeta potential analysis demonstrated that the 
PDP coating enabled a transformation of negative charge to positive charge on the surface of polyester textile. 
The PDP coating exhibited excellent contact-killing activity against both gram-negative Escherichia coli and gram- 
positive methicillin-resistant Staphylococcus aureus, with the killing efficiency of approximate 99.9%. In addition, 
the antiviral capacity of PDP was determined by a green fluorescence protein (GFP) expression-based method 
using lentivirus-EGFP as a virus model. The PDP coating inactivated the negatively charged lentivirus-EGFP 
effectively. Moreover, the coating showed good biocompatibility toward mouse NIH 3T3 fibroblast cells. All 
the above properties demonstrated that PDP would be a promising anti-pathogenic polymeric coating with wide 
applications in medicine, hygiene, hospital, etc., to control the bacterial and viral transmission and infection.   

1. Introduction 

The discovery of antibiotics is a major milestone in the field of 
medicine and health care, since antibiotics efficiently inhibit bacterial 
infection and significantly increase human lifespan. However, with the 
increasing resistance of bacteria to antibiotics due to the excessive and 
inappropriate use, the efficacy of antibiotics is generally declining [1,2]. 
Some common pathogens are becoming drug-resistant “superbug”, such 

as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin- 
resistant Enterococcus, multidrug-resistant Pseudomonas aeruginosa, etc. 
[3,4]. In addition, the infectious diseases caused by viruses have been 
threatening human health, such as Ebola virus, human immunodefi
ciency virus (HIV), hepatitis virus, influenza virus, etc. [5]. Since 
December 2019, the novel coronavirus (SARS-CoV-2) [6–11] has caused 
millions of human deaths around the world. Therefore, the antibacterial 
and antiviral materials for preventing and controlling pathogenic 
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infections have attracted worldwide attention. 
Infectious pathogens spread when liquids containing bacteria and 

viruses settle onto surfaces and subsequently are touched by people. This 
could be prevented if the surfaces are coated with antimicrobial poly
mers. Generally, the antimicrobial polymeric coatings are designed 
based on two strategies: antifouling and killing [12–16]. The prevention 
of contaminant adhesion on surfaces could efficiently inhibit pathogen 
infections [17]. The hydrophobic coatings showed liquid-repelling ac
tivity [18,19], and thus could inhibit the adhesion of microbes from the 
contaminated liquid and avoid the subsequent infections. The fluorine- 
containing polymeric coatings possessed hydrophobicity due to its low 
surface energy, which could resist the attachment of liquid pollutant 
[20]. Although the antifouling surfaces can reduce the risk of pathogenic 
infections, the attachment of pathogenic microbes on the surfaces 
cannot be avoided under the action of external forces. Therefore, the 
contact-killing performance against microbes is also essential for anti
microbial coatings [21]. 

In nature, most bacteria and viruses are negatively charged at neutral 
pH [22,23], and therefore positively charged materials are easy to 
interact with most bacteria and viruses, and subsequently inactivate 
bacteria and viruses by destroying their structures [24]. The cationic 
organic chemicals such as quaternary ammonium salts are widely 
studied in the antibacterial and antiviral field [25]. Some cationic 
monomers are harmful to human body. However, the polymerization of 
cationic monomers not only increases the density of functional groups, 
but also reduces the toxicity of monomers. Moreover, the polycationic 
coatings endowed various surfaces with antimicrobial activity without 
the alteration of the bulk property. By now, most antimicrobial poly
cationic coatings are focused on bacteria [26,27]. A study about 
fluorine-containing polycationic coatings on textiles with antifouling 
and antibacterial dual-function only aimed at bacteria [28]. There were 
only a few studies reported in the area of polycationic coatings against 
both bacteria and viruses [29,30], and these studies only investigated 
the contact-killing activity, but did not mention the antifouling behav
iors of antimicrobial coatings. Therefore, this study was aimed to 

investigate the fluorine-containing polycationic coatings with anti
fouling and contact-killing dual activities against both bacteria and 
viruses. 

In addition, most polycationic coatings immobilized on surfaces 
require multi-step solution-based methods and solvents. The solvent 
treatment may not fit solvent-sensitive substrates and possibly induce 
the harmful impurities. Initiated chemical vapor deposition (iCVD) is a 
dry coating technology based on gas-to-surface reaction, and able to 
avoid the complicated multi-step processes and bypass the use of any 
solvent [31,32]. Compared with other coating techniques such as elec
trospinning [33,34], iCVD is more advantageous for cases that need 
delicate modification of nanometer-sized pores and require uniform 
conformal coatings in complex geometries such as porous textiles [35] 
and electronic devices [36]. In our previous study, we coated the 
cationic poly(dimethyl amino methyl styrene) (PDMAMS) via iCVD in 
various polymer structures such as crosslinking [35], grafting [37], and 
graded layers [27] on surfaces of textile, medical catheter, and poly
styrene slide, endowing the surfaces with potent bactericidal efficacy. 
We found that the hydrophilic poly(vinyl pyrrolidone)-enriched 
PDMAMS surface possessed the contact-killing and pH-responsive anti
fouling activities against bacteria [27]. While, in the present study, we 
investigated the liquid-repelling and antimicrobial activities of a hy
drophobic polycationic coating composed of the fluorine-containing 
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) and DMAMS via one- 
step iCVD, aiming to facilely fabricate a self-cleaning textile surface 
that could combat the transmission and infection of drug-resistant 
bacteria and viruses (Fig. 1). 

2. Material and methods 

2.1. Material 

Dimethyl amino methyl styrene (DMAMS, 95%) was purchased from 
Acros Organics (USA). 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA, 
98%) and tert-butyl peroxide (TBP, 98%) were purchased from Adamas 

Fig. 1. The one-step iCVD of the cationic and fluorinated P(DMAMS-co-PFDA) (PDP) coating on the surface of hydrophilic polyester textile. Compared with the 
pristine textile, the coating endowed the textile with hydrophobicity, oleophobicity, and thus antifouling ability; the coating was positively charged and inactivated 
the negatively charged bacteria and viruses on contact. The facile iCVD process can apply the potent antifouling, antibacterial, and antiviral coating to the anti- 
infective field. 
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(China). The DMAMS and PFDA monomers were vacuum purified prior 
to use to remove volatile impurities. Silicon wafer and polyester textile 
were used as substrates. Silicon wafer was used as a reference substrate 
for coating characterization. Escherichia coli (E. coli, ATCC 25922) and 
methicillin-resistant Staphylococcus aureus (MRSA, ATCC BAA40) were 
obtained from American Type Culture Collection (ATCC, USA). Luria- 
Bertani (LB) broth and agar, Dulbecco’s Modified Eagle Medium 
(DMEM), and newborn calf serum (NCB) were obtained from Sigma- 
Aldrich (USA). Phosphate Buffered Saline (PBS) was purchased from 
Biosharp (China). The Alamar Blue Cell Viability reagent and LIVE/ 
DEAD Viability/Cytotoxicity Kit for mammalian cells were purchased 
from Thermo Fisher Scientific (USA). 

2.2. Coating fabrication via iCVD 

The schematic diagram of an iCVD system is shown in Fig. 2. The 
vapor deposition process was performed in a 25 cm diameter custom- 
built reactor equipped with parallelly arranged nichrome filaments 
(Ni80/Cr20, Goodfellow) that were heated to 280 ◦C to thermally 
decompose the initiator TBP and generate radicals. The filament tem
perature was measured by a K-type thermocouple (Omega) that con
nected to a filament wire. The substrates were placed on a stainless-steel 
stage quenched by circulating water and kept at 40 ◦C. To prevent 
condensation of monomers, the temperature of the pipelines that con
nected the monomer jars to reactor was set at 80 ◦C, and that of reactor 
wall was kept at 60 ◦C. During deposition, monomers PFDA and 
DMAMS, and initiator TBP were evaporated at 80 ◦C, 68 ◦C, and 30 ◦C, 
respectively, and flowed into the reactor. The flow rate of each precursor 
was controlled by a needle valve (Swagelok). The vacuum was achieved 
by a dry vacuum pump (Edwards iH-80). The reactor pressure was kept 
constant at 0.3 Torr, which was measured by a capacitance manometer 
(MKS Baratron) and controlled by a butterfly throttling valve (MKS). 
The coating growth on the reference silicon substrate was monitored in 
situ using an interferometry with a 633 nm He-Ne laser. The detailed 
deposition conditions are listed in Table 1. 

2.3. Characterizations of the coatings 

Fourier transform infrared (FTIR) spectra of the coatings on the 
reference silicon wafers were measured using a Nicolet 6700 FTIR 
spectrometer equipped with a DTGS detector under transmission mode. 
The surface morphology and elemental analysis were implemented by 

scanning electron microscope (SEM, FEI, Verios G4) and energy- 
dispersive X-ray (EDX, Thermo Scientific NORAN System 7). 

2.4. Antifouling test 

The liquid repellency of the PDP coating was investigated with 
diverse liquid foulants. The different solutions including blood (New 
Zealand rabbit), paraffin oil (GHTECH, China), honey, pH calibration 
buffer solutions at pH 4.00, pH 6.86, pH 9.18, coffee, milk were dropped 
on the surface of the pristine and PDP-coated textiles, and images were 
taken by a Canon digital camera. Contact angles of water and paraffin oil 
on samples were measured using a contact angle goniometer (Kruss DSA 
25, Germany). 

2.5. Coating stability 

The coating stability was determined through the comparison of 
water contact angles before and after abrasion resistance and washing 
durability tests. Abrasion resistance of PDP coated textiles was tested by 
sliding a nominal load of 3.15 kPa on samples for 20 cm in length. The 
procedure was repeated for 1000 cycles. Subsequently, the washing 
durability of the textiles was tested as following. The textiles were put 
into a beaker (200 mL) with 50 steel balls (diameter = 6 mm) in 
deionized water, shaken at 200 rpm for 10 min, and then air dried, 
which was repeated for 30 cycles. Finally, the water contact angles of the 
textiles were measured (Kruss DSA 100, Germany). 

2.6. Zeta potential measurement of textiles and microbes 

The zeta potential values of the pristine textile, PPFDA and PDP 
coated textiles were determined in 0.0007 M PBS (pH 7.1) using a solid 
surface zeta potential analyzer (Anton Paar Sur PASS 3). The zeta po
tential values of gram-positive bacteria MRSA (2.0 × 107 CFU/mL), 

Fig. 2. A schematic diagram of an iCVD system.  

Table 1 
Deposition conditions of PDMAMS, PPFDA, and PDP coatings.  

Sample Pressure (Torr) Flow rate (sccm) 

DMAMS PFDA TBP 

PDMAMS  0.3 2 /  0.6 
PPFDA  0.3 / 0.2  0.6 
PDP  0.3 2 0.2  0.6  
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gram-negative bacteria E. coli (2.8 × 107 CFU/mL), and lentivirus-EGFP 
(1.0 × 106 TU/mL) were measured by Zetasizer Nano ZS (Malvern, UK) 
in 0.01 M PBS (pH 7.1). 

2.7. Antibacterial test 

The antibacterial activity of the samples was evaluated according to 
a bacterial contact-killing assay. One mL of the bacterial suspension 
(E. coli or MRSA) at mid-log phase was collected by centrifugation, 
washed three times using PBS (0.01 M), and then diluted to 1 × 107 

CFU/mL in PBS. Ten μL of the diluted bacterial working solution was 
pipetted onto the surface of a pristine or a coated textile (1 cm × 1 cm), 
and then a glass cover slide was placed over the bacterial solution to 
ensure the complete contact between the bacteria and the textile, fol
lowed by the incubation at 37 ◦C for 1 h with a relative humidity 
maintaining above 90% to prevent inoculums from drying. After incu
bation, the pristine or the coated textile was immerged in 1.0 mL of PBS, 
and then sonicated for 3 min to re-suspend the live bacterial cells. Af
terwards, the retrieved cells were 10-fold diluted to a series of concen
trations of bacterial suspensions for agar plating, and then the plates 
were incubated overnight for CFU counting. The log reduction of E. coli 
or MRSA was calculated using the below equation: log reduction = log 
(cell counts of pristine textile) – log (cell counts of the coated textile). 

Inhibition zone test was conducted as following. Fifty μL of bacterial 
suspensions (MRSA and E. coli) at mid-log growth phase were spread on 
the LB agar plates. Then, the textile samples including povidone-iodine 
(PVP-I) soaked textile as a release-killing control, pristine textile, PPFDA 
and PDP coated textiles (around 1 × 1 cm) were placed on the agar 
plates and incubated at 37 ◦C overnight. 

The bacterial morphology on textiles was examined under SEM. After 
bacterial incubation on textiles for 1 h, samples were fixed by 4% 
paraformaldehyde for 12 h and dehydrated through a series of ethanol 
solutions with increasing concentrations (25%, 50%, 70%, 90%, 95%, 
and 100%). Afterwards, the samples were dried by hexamethyldisila
zane. Finally, the samples were coated by Au-Pd and observed under 
SEM (FEI, Verios G4). 

2.8. Antiviral test 

In order to directly observe the antiviral activity of the PDP coating, 

the recombinant lentivirus (a single-stranded RNA virus) with enhan
ced green fluorescence protein (egfp) gene was used in this study to 
infect mouse NIH 3T3 fibroblast cells. If the sample can inactivate the 
viruses, the cells neither express EGFP nor show green fluorescence after 
virus infection; if the sample cannot inactivate the viruses, the cells will 
express EGFP and show green fluorescence. The cells were cultured in 
DMEM supplemented with 10% (v/v) NCB, 100 µg/mL penicillin, and 
100 µg/mL streptomycin, and incubated in a humidified atmosphere 
containing 5% CO2 at 37 ◦C. About 1 × 104 cells were seeded in each 
well of 48-well tissue-culture polystyrene plate (TCPS) and cultured for 
24 h. 

For the antiviral test, briefly, 3 μL droplet of lentivirus-EGFP (3.3 ×
108 TU/mL in 0.01 M PBS, the multiplicity of infection was 200) was 
deposited on a textile sample (1 cm × 1 cm) in a well of 24-well TCPS. 
Then, a plain glass slide was put on the top of the sample and pressed to 
spread the droplet. After incubation at room temperature for 30 min, the 
top slide was lifted and 0.5 mL of DMEM medium with NCB was added 
into each well to suspend the viruses. Then, the virus suspension was 
collected and subsequently infected mouse NIH 3T3 fibroblast cells with 
polybrene (1:200). The normal medium was refreshed on the second 
day. After 3 days, the infected cells were observed under a fluorescence 
microscope (Evos FL Auto 2, Invitrogen) with a green filter (excitation/ 
emission: 470/525 nm), and the total cells were observed in a bright 
field for comparison (Fig. 3). 

2.9. Biocompatibility test 

The biocompatibility of PDP coating was measured with Alamar Blue 
and LIVE/DEAD assay. About 1 × 104 mouse NIH 3T3 fibroblast cells 
were seeded in each well of 24-well TCPS and cultured for 24 h. The 
pristine textile and PDP coated textile were sterilized under UV irradi
ation for 1 h, rinsed with sterile deionized water, and put into the wells 
with the cells for 24 h. Afterwards, the textiles were removed, and the 
cell viability was measured with Alamar Blue. After stained with dyes 
from a LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells, the 
cellular morphologies were observed under a fluorescence microscope 
(Evos FL Auto 2, Invitrogen) with the excitation wavelengths of 470 nm 
and 531 nm for the detection of GPF (green) and RFP (red), respectively. 

Fig. 3. Procedure for antiviral testing based on lentivirus-EGFP infection assay.  
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2.10. Statistical analysis 

All data were presented as mean value ± standard deviation, and the 
statistically significant differences were examined using one-way 
ANOVA followed by Tukey’s HSD test with GraphPad Prism 6 (Graph
Pad Software, La Jolla). In all statistical evaluations, p < 0.05 was 
considered to be statistically significant. 

3. Results and discussion 

3.1. Preparation and characterization of PDP coating on textile 

The cationic and fluorinated polymeric coating P(DMAMS-co-PFDA) 
(PDP) was fabricated via a one-step iCVD process. The vaporized 
monomers DMAMS and PFDA, along with the initiator TBP, were fed 
into the reactor to deposit polymer PDP on the reference silicon wafer 
and pristine polyester textile. For comparison, homopolymer PDMAMS 
and PPFDA coatings were also synthesized (Table 1). An approximate 
150 nm surface layer is coated on the textile, as shown in the cross 
section by SEM images (Fig. 4a). FTIR spectra show the chemical com
positions of the polymeric coatings (Fig. 4b). In the spectrum of PPFDA, 
the characteristic peaks are associated with the fluorinated groups, 
including symmetric and asymmetric -CF2- stretching (centered at 1205 
and 1238 cm− 1) and stretching of -CF2-CF3 end group (1150 cm− 1), and 
the C = O stretching from the ester group at 1741 cm− 1 [38]. In the 
spectrum of PDMAMS, the peaks ranging from 2730 cm− 1 to 2830 cm− 1 

are attributed to the C–H stretching in the -N(CH3)2 group of PDMAMS 
[35]. The spectrum of PDP contains both characteristic peaks of ho
mopolymers PPFDA and PDMAMS. There are small wavelength shifts in 
PDP compared to the homopolymers due to the peak overlap of chemical 
groups from PDMAMS and PPFDA. In addition, EDX elemental mapping 
images (Fig. 4c) show that the elements C, O, N, and F exist in PDP 
coated textile, with higher intensity of N and F compared with the 
pristine textile. N and F originate from PDMAMS and PPFDA of PDP 
coating, respectively. The above results demonstrated that copolymer 
PDP coating was successfully synthesized on the textile via iCVD. 

3.2. Antifouling activity and stability 

If the surface repels the adhesion of liquids, the surface could avoid 
the contamination from the liquids, and therefore, in this study, the 
liquid repellency of the PDP coating was investigated. As shown in 
Fig. 5, the PDP coating resists the adhesion of diverse solutions including 
blood (New Zealand rabbit), paraffin oil, honey, pH calibration buffer 
solutions at pH 4.00, pH 6.86, pH 9.18, coffee, and milk. On the con
trary, the hydrophilic pristine textile completely absorbs most liquids 
except honey. The above results demonstrated that the PDP coating 
converted the surface of polyester textile from hydrophilic to hydro
phobic, from oleophilic to oleophobic, and thus endowed the surface 
with antifouling property, which were further verified by the contact 
angles. At 1 min after attachment of water or paraffin oil drops on the 
surfaces, the contact angles on the pristine textile, PPFDA and PDP 
coated samples were 0◦, 150◦, and 144◦ for water, and 0◦, 151◦, and 
148◦ for paraffin oil, respectively. Obviously, PPFDA coating enabled 
the textile with super-hydrophobicity (>150◦) [39,40] and super- 
oleophobicity (>150◦) [41]. The incorporation of DMAMS made the 
contact angles of PDP slightly lower compared with PPFDA, but the PDP 
coating kept highly hydrophobic and oleophobic. Hence, the PDP 
coating could repel the adhesion of various solutions and may prevent 
the attachment of contaminations including pathogens in the liquids. 
After abrasion resistance and washing durability tests, the water contact 
angles of PDP slightly reduced from 144◦ to 141◦, and the small change 
demonstrated that PDP coating had good stability on the textiles. 

3.3. Zeta potential 

Most bacteria and viruses are negatively charged at a neutral pH 
[22,23], and thus the proposed antimicrobial mechanism involves 
electrostatic interaction between the positively charged coating and the 
negatively charged bacteria and viruses. Here, zeta potential values 
were measured to investigate electrostatic interaction between the PDP 
coated textile and the microbes (Fig. 6). The zeta potential values of 
pristine and PPFDA coated textiles were − 20.6 ± 0.7 mV and − 19.5 ±
0.2 mV, respectively, while the PDP coated textile had a positive value 

Fig. 4. (a) SEM images of the cross section of pristine textile fiber and PDP coating on the textile fiber. (b) FTIR spectra of PPFDA, PDP, and PDMAMS on the 
reference silicon wafer surface. (c) EDX elemental mapping of pristine textile and PDP coated textile. 
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of + 23.2 ± 0.2 mV. The PDP coating enabled a transformation of 
charges on the surface of polyester textile, from negatively charged to 
positively charged, which was because of the cationic DMAMS (pKa ≈
8.5) [35,42]. For the microbes in this study, the zeta potential values of 
gram-negative E. coli, gram-positive MRSA, and lentivirus-EGFP were 
− 20.3 ± 0.2,− 19.6 ± 0.8, and − 19.1 ± 0.6, respectively. Obviously, all 
the microbes in this study were negatively charged. Therefore, the 
cationic PDP coating could electrostatically attract the negatively 
charged bacteria and viruses, and subsequently damage the microbial 
structure, leading to microbial inactivation. The zeta potential effects of 

antibacterial coatings have been reported previously. Iarikov et al. 
fabricated cationic polyallylamine coatings with the zeta potentials 
above + 61 mV, which killed gram-negative P. aeruginosa, and gram- 
positive S. aureus and S. epiderimidis on contact [43]. Choi et al. syn
thesized a cationic copolymer coating with a zeta potential value of +
21.36 mV, which killed gram-negative E. coli and gram-positive Cory
nebacterium glutamicum [44]. However, these studies only focused on the 
antibacterial aspect. Our study was aimed to investigate the zeta po
tential effects on the contact-killing performance of polycationic coat
ings against both bacteria and viruses. 

3.4. Antibacterial activity 

Although the hydrophobic PDP coating resisted the adhesion of 
liquid droplets, the bacteria would still be likely to attach to the material 
surfaces due to the external force. In this study, a glass slide was used to 
cover a bacterial droplet on a textile sample for the complete contact 
between the bacteria and the textile sample. After 1 h of contact, the 
bactericidal behavior of PDP coating, along with the PPFDA coating and 
pristine textile, was examined. As shown in Fig. 7a, the PDP exhibits 
significantly enhanced antibacterial activity compared with the pristine 
textile and PPFDA coated textile. In details, the values of log reduction of 
gram-positive bacteria MRSA and gram-negative bacteria E. coli are 
2.96 ± 0.05 and 3.23 ± 0.31, respectively, corresponding to 99.89% and 
99.94% killing efficiency (Fig. 7b). Although there was no significant 
difference of antibacterial efficiency between E. coli and MRSA, the 
killing efficiency of PDP against E. coli was a little higher than MRSA, 
which might be resulted from the fact that the hydrophobic groups in 
PDP could facilitate the penetration of the polycations into the hydro
phobic structure of cell wall such as the lipid domains, especially the 
outer membrane of gram-negative bacteria [28]. Gram-positive bacteria 
just have a thicker peptidoglycan layer and inner plasma membrane 
without outer membrane, which may not further promote the interac
tion between the PDP coating and MRSA [45]. Therefore, the hydro
phobic polycationic PDP killed gram-negative E. coli a little more 

Fig. 5. (a) PDP coating repels the adhesion of liquid drops including (1) blood, (2) paraffin oil, (3) honey, pH calibration buffer solutions at (4) pH 4.00, (5) pH 6.86, 
(6) pH 9.18, (7) coffee, and (8) milk, while the pristine polyester textile absorbs most liquids. (b) Contact angles of water and paraffin oil on the pristine textile, 
PPFDA and PDP coated textiles, demonstrating that PDP coating endowed polyester textile surface with hydrophobicity and oleophobicity. 

Fig. 6. Zeta potentials of the pristine polyester textile, PPFDA and PDP coated 
textiles, gram-negative E. coli, gram-positive MRSA, and lentivirus-EGFP. The 
pristine polyester and PPFDA coated textiles were negatively charged. PDP 
coated textile was positively charged with the surface potential of + 23.2 mV. 
On the other hand, the zeta potentials of the bacteria and virus are negative. 
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efficiently than gram-positive MRSA. However, the major antibacterial 
mechanism here was attributed to the electrostatic interaction between 
the cationic PDP coating and the negatively charged bacteria. 

Bacterial inhibition zone of textile samples against MRSA (Fig. 7c) 
shows that the povidone-iodine (PVP-I) soaked textile as a release- 
killing control has an obvious bacterial inhibition zone based on the 
release of I. On the contrary, there is no inhibition zone appearing in the 
pristine, PPFDA, and PDP samples. The result of E. coli inhibition zone of 
textile samples was similar to that of MRSA, indicating that the coatings 
were stably immobilized on the textile surface and the PDP coating 
killed bacteria on contact rather than DMAMS releasing. 

SEM was used to further observe the bacterial morphology on the 
PDP coating. In Fig. 7d, MRSA and E. coli on the pristine textile show 
intact profile and smooth cell envelopes. Both MRSA and E. coli cells are 
collapsed on the PDP coated surfaces and the cell envelopes of E. coli are 
seriously damaged, leading to cell death. All the above results indicated 
that PDP coating possessed potent contact-killing activity against gram- 
positive drug-resistant MRSA and gram-negative E. coli. 

3.5. Antiviral activity 

With the aim to conveniently observe the antiviral activity of the PDP 
coating, in this study, we chose the recombinant lentivirus with 
enhanced green fluorescence protein gene as a virus model. After con
tact with the samples, the virus suspensions were used to infect mouse 
NIH 3T3 fibroblast cells (Fig. 3). The fluorescence images in Fig. 8 show 

that the viruses after contact with the PPFDA coated textile are still able 
to infect cells and thus cells are appearing green fluorescence, but the 
amounts of infected cells are obviously less than those of the virus 
control, indicating that the PPFDA has a certain degree of viral inhibi
tion effect. The lentivirus belongs to the enveloped virus that is pro
tected from outside by a lipid membrane which facilitates virus to enter 
host cell and protects it from host immune system, such as SARS-CoV-2, 
SARS coronavirus, Ebola virus, HIV, influenza virus, measles virus, 
rabies virus and so on [46,47]. The lipid membrane is easy to interact 
with the hydrophobic groups. The hydrophobic fluorinated groups in 
the PPFDA coating could penetrate the viral lipid envelope and alter the 
viral envelope structure. However, PPFDA is negatively charged (Fig. 6), 
which may hamper the interaction between PPFDA and the negatively 
charged virus (Fig. 6) due to the electrostatic repulsion. After copoly
merization of PFDA and DMAMS, the cationic PDMAMS endowed the 
PDP coating with the positive charge, which significantly enhanced the 
electrostatic interaction between the negatively charged lentivirus- 
EGFP and positively charged PDP. Combined with the hydrophobic 
interaction between the PPFDA and the viral lipid bilayer and the 
electrostatic attraction between cationic PDMAMS and the negatively 
charged virus, the PDP coating damaged the viral structure and there
fore exhibited excellent antiviral activity. The results were consistent 
with previous reports, such as the hydrophobic polycation N, N-dodecyl, 
methyl-polyethylenimine against enveloped herpes simplex viruses and 
influenza viruses [48,49]. 

Fig. 7. (a) Antibacterial behavior of pristine polyester textile, PPFDA and PDP coated textiles against gram-positive MRSA and gram-negative E. coli. (b) Log 
reduction of bacterial CFU on contact with PPFDA and PDP coatings (n = 3). (c) Inhibition zones of povidone-iodine (PVP-I) soaked textile as a release-killing control, 
pristine textile, PPFDA and PDP coated textiles against MRSA. There is no inhibition zone appearing in the PDP group, indicating the PDP coating kills bacteria on 
contact. (d) Morphology of MRSA and E. coli bacterial cells on the surfaces of pristine textile (left, intact bacterial cell envelopes) and PDP coating (right, damaged 
bacterial cell envelopes) observed by SEM. 

Q. Song et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 418 (2021) 129368

8

Fig. 8. Antiviral activity of PPFDA and PDP coated textiles against lentivirus-EGFP. The virus-infected cells are in green fluorescence, indicating sample cannot 
inactivate viruses; the cells without green fluorescence demonstrating an excellent virucidal activity of PDP coated textile. The total cells are observed in bright field 
for comparison. 

Fig. 9. In vitro biocompatibility toward mouse fibroblast NIH3T3 cells. LIVE/DEAD fluorescent images of cells in three groups: (a) TCPS control, (b) pristine textile, 
and (c) PDP coated textile. (d) Cell proliferation in three groups determined by Alamar Blue assay. 
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3.6. Biocompatibility 

The biocompatibility of PDP toward mouse NIH 3T3 fibroblast cells 
was investigated after 24 h of incubation in vitro. The cell viability was 
determined with LIVE/DEAD assay presented in Fig. 9a-c, and there is 
no obvious difference in cell morphology on TCPS control, pristine 
textile, and PDP coated textile. The cellular metabolic activity after 
treatment with samples was measured using Alamar Blue (10% v/v) 
assay, and the relative fluorescence intensities in TCPS control, pristine 
textile, and PDP coated textile groups are not significantly different (P >
0.05, Fig. 9d) and the values were 1.00 ± 0.16, 1.02 ± 0.10, and 0.78 ±
0.25, respectively. The above results demonstrated that the biocom
patibility of PDP coated textile was as good as TCPS and pristine textile 
in vitro. 

4. Conclusions 

In this study, a fluorinated polycationic coating P(DMAMS-co-PFDA) 
(PDP) on the polyester textile was synthesized via one-step iCVD. EDX 
and FTIR verified the chemical compositions of the coating. The contact 
angle analysis demonstrated that the PDP coating converted the surface 
of polyester textile from hydrophilic to hydrophobic, from oleophilic to 
oleophobic, which endowed the surface with effective antifouling ac
tivity against the liquid attachment, such as blood, paraffin oil, honey, 
milk, etc. The zeta potential data showed that the PDP coating endowed 
the polyester textile with a positively charged surface, and the bacteria 
and virus in this study were negatively charged. When the external force 
enabled the bacteria and viruses to attach onto the textile surface, PDP 
coating exhibited excellent antimicrobial activity against gram-negative 
E. coli, gram-positive drug-resistant MRSA, and lentivirus-EGFP, which 
was primarily due to the electrostatic interaction between the negatively 
charged microbes and cationic PDP. The PDP coating showed good 
biocompatibility toward mouse NIH 3T3 fibroblast cells. Taken 
together, PDP as a hydrophobic polycationic coating with broad- 
spectrum antimicrobial activity would have promising prophylactic 
applications to control the bacterial and viral infections. 
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