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In this work, the one-step stereochemical antimicrobial finishing of cotton textiles (CT) was achieved
by the oxidative copolymerization of a dopamine-menthol derivative (DAM) and dopamine (DA). The
obtained DAM-modified CT (P(DAM-co-DA)-CT) exhibited broad-spectrum microbial anti-adhesion prop-
erties against bacteria (E. coli and P. aeruginosa), including superbugs (MRSA and VREF), and fungi (A.
niger, A. flavus, M. racemosus and P. chrysogenum). Because of its unique stereochemical antimicrobial
mechanism, the obtained P(DAM-co-DA)-CT is a non-releasing antimicrobial material that causes no

‘I;{ :::‘;Se:rbug skin sensitization and exhibits good biocompatibility. The coating was also found to enhance the UV-
Antifungal resistant and mechanical properties of the CT. Furthermore, it displayed durable washing fastness and

antimicrobial properties after the endurance of 30 laundering cycles. The observed achievements provide
a broader understanding of stereochemical antimicrobial surfaces and endow this method with wider

Cotton textiles
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One-step finishing applications.

Stereochemical antimicrobial material

© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Cotton is one of the most widely used natural fibers for tex-
tiles due to its comfortable and natural characteristics of high
absorbency, softness, compatible to skin and degradability [1,2].
However, cotton textiles (CT) also provide a hotbed for the adhesion
and growth of microorganisms, which not only influences the per-
formance of CT, but also threatens human health [3,4]. For example,
the microbial contamination of CT can lead to mildew, odor, and
textiles discoloration, and can even cause a loss of strength due to
the damage to the fiber [5]. CT used in the medical and food fields
can easily become sources of infection and cause pathogen trans-
mission [4,6-9]. In particular, emerging superbugs are much more
dangerous than conventional pathogens; they are difficult to treat,
and pose an increasing threat to public health [10-16].

Many efforts have been made to develop antimicrobial CT
[17-19], and these efforts can be categorized into three strate-
gies [20]. The first strategy is release killing by depositing biocides
(e.g., metal nanoparticles such as silver [2,21-23], copper [24,25],
zinc [26,27] and titanium [28]) on the surface of CT; the biocides
can be released to kill the surrounding bacteria. The second strat-
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egy is contact killing by covalently grafting biocidal agents such
as quaternary ammonium compounds (QACs) [4,29,30], guanidine
polymers [3,31] and N-halamines [30,32] on the surface of CT. The
third strategy is microbial anti-adhesion by employing functional
groups with special wettability [33] such as zwitterions [34-37],
polyhydroxy [20] and fluoride [14,38]. Each of these strategies can
be considered successful for at least one antimicrobial application;
however, the rise of superbugs [39-41] impels the development
of suitable strategies to overcome the challenges that they pose.
Because superbugs primarily originate from antibiotic stress, it is
believed that the strategy of microbial anti-adhesion may be a
superior choice for the development of antimicrobial CT to pre-
vent bacteria from evolving into superbugs, as well as to resist the
adhesion and further proliferation or contamination of superbugs.

We recently proposed a microbial anti-adhesion strategy with
the assistance of surface stereochemistry [42-46]. This is a new
strategy that utilizes the “chiral taste” of bio-system, in particular,
microbes, to deter their adhesion on chiral stereochemical sur-
faces [47-49]. During the interaction between microorganisms and
material surfaces, surface stereochemistry, rather than hydropho-
bicity or the release of bactericides, plays an important role in the
modulation of microbial behavior [46,50]. The strategy is there-
fore considered to be the soft management and control of microbes
[49]. In our previous research, chiral borneol - based polymers that
can control microbial adhesion via the influence of their “chiral
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taste” were employed [42]. The polymers have unique and effective
microbial anti-adhesion feature other than killing microorganisms,
and these properties are well suited for CT decoration. Our previ-
ous studies have confirmed that borneol - decorated antimicrobial
CT (BDCT) created via a two-steps process displayed a micro-
bial anti-adhesion property due to the influence of the surface
bicyclic - stereochemistry of borneol, rather than hydrophobicity
[50]. To develop a convenient one-step finishing method and test
the anti-superbug performance, a novel dopamine-menthol (DAM)
derivative was designed by combining menthol (a single-cyclic
monoterpene with stereochemical feature [51]) with dopamine
(DA), and was found to be simple and versatile for surface mod-
ification [25,52-57].

Herein, the one-step finishing of antimicrobial CT achieved
by the oxidative co-polymerization of Dam and DA is reported
(denoted as P(DAM-co-DA)-CT; Scheme 1). The broad-spectrum
microbial anti-adhesion properties of P(DAM-co-DA)-CT against
common bacteria (E. coli, P. aeruginosa), superbugs (MRSA, VREF)
and fungi (A. niger, A. flavus, M. racemosus, and P. chrysogenum)
were investigated. In addition, the safety (i.e. skin sensitization,
biocompatibility), washing durability, UV resistance, and mechan-
ical properties of P(DAM-co-DA)-CT were also validated. This new
approach is more agile and presents great potential for applications
not only in the new generation of textiles, but also for various mate-
rials for use in fields such as food packaging and medical protection.

2. Experimental
2.1. Materials

Dopamine  hydrochloride and tris (hydroxymethyl)
aminomethane were bought from Sigma-Aldrich. Menthyl chlo-
roformate and 3-(4,5-dimethylazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT) were bought from Tokyo Chemical Industry (TCI).
Malt extract agar, tryptone soy agar (TSA) and trypticase soy broth
(TSB) were purchased from Aladdin. The BacLight live/dead kit
(Molecular Probes) was purchased from Thermo Fisher Scientific.
Other reagents were purchased from Sinopharm Chemical Reagent
Co., Ltd, China. Escherichia coli (E. coli, ATCC 25922), Pseudomonas
aeruginosa (P. aeruginosa, CICC 10351), Staphylococcus aureus (S.
aureus, ATCC 25923), methicillin-resistant Staphylococcus aureus
(MRSA, ATCC 43300), vancomycin-resistant Enterococcus faecalis
(VREF, ATCC 51299), Aspergillus niger (A. niger, CICC 41254),
Aspergillus flavus (A. flavus, CICC 2476), Mucor racemosus (M. race-
mosus, CICC 3161) and Penicillium chrysogenum (P. chrysogenum,
CICC 4017) were obtained from the China Center of Industrial Cul-
ture Collection. Mouse fibroblast cells (L929) were purchased from
Cell Resource Center, IBMS, CAMS/PUMC, Beijing, China. Roswell
Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum
(FBS), penicillin and streptomycin were purchased from Gibco BRL,
Gaithersberg, MD, USA.

The CT used in this investigation was a 40 x 40 s bleached twill
cotton fabric weighing 185 g m~2 and purchased from a local fabric
store. This type of CT is extensively used for clothing and bedding.

2.2. Synthesis of DAM

Dopamine hydrochloride (2 g, 10.5 mmol) was added into a
stirred solution of water (20 mL) and ether (16 mL) under a
nitrogen atmosphere. Na,CO3 (3.35 g, 31.6 mmol) and menthyl
chloroformate (2.23 mL, 10.5 mmol) were then added at 0 °C. The
mixture was allowed to reach room temperature and stirred for 3
h. The phases were separated and the organic phase was washed
with brine, dried over anhydrous MgSQy, filtered and concentrated
under reduced pressure. The product DAM was obtained as a col-
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orless powder in 80% yield after purification by petroleum ether.
TH NMR (JNM-ECA400, JEOL) was used to confirm the chemical
features of DAM.

2.3. Modification of CT

The CT were treated and cleaned as follows. The samples were
ultrasonically washed with dimethylacetamide, acetone, and water
in sequence for 10 min before they were dried at 90 °C for 5 min.
The overall process was repeated three times and the clean CT
were obtained for further use. The preparation method of P(DAM-
co-DA)-CT was as follows. DAM (10 mM) and DA (10 mM) were
dissolved in 20 mL of DMF solution. Next, 70 mL of Tris-HCI buffer
(10 mM, pH 8.5) and 10 mL of sodium periodate (1 mg mL~!) were
added. The clean CT were then immersed in the finishing solution
and continuously stirred for 24 h under aerobic conditions at room
temperature. The samples were then removed from the solution
and washed thoroughly with deionized water and DMF. Finally,
the P(DAM-co-DA)-CT samples were obtained after drying at room
temperature.

Polydopamine-coated cotton textiles (PDA-CT) were prepared
as a control group: DA (10 mM) was dissolved in 100 mL of Tris-
HCI buffer (10 mM, pH 8.5), and the clean CT were immersed in the
solution and continuously stirred for 24 h under aerobic conditions
at room temperature. The samples were then removed from the
solution, washed thoroughly with deionized water, and dried to
obtain the PDA-CT.

2.4. Characterization

The surface morphology of CT, PDA-CT and P(DAM-co-DA)-CT
was studied by scanning electron microscopy (SEM, JSM-7800 F,
JEOL, Tokyo, Japan). Energy-dispersive spectrometry (EDS, Hitachi
S-4700, Tokyo, Japan) and attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR, Perkin-Elmer Spectrum 100
spectrometer, Waltham, MA, USA) were used to analyze the surface
chemical composition and structure of the samples. X-ray pho-
toelectron spectroscopy (XPS, Thermo Fisher Scientific, Waltham,
MA, USA) was used to study changes in surface functional groups
before and after coating.

2.5. Bacterial anti-adhesion assays

Experiments of the performance of the samples against the
adhesion of bacteria (E. coli, P. aeruginosa) and superbugs (MRSA,
VREF) were carried out according to a modified GB/T 20944.3-
2008 method and ASTM E2149 method [14,20]. Before bacterial
anti-adhesion tests, the strains were placed in fresh TSB medium
overnight in an incubator at 37 °C. The bacterial suspension was
then diluted to a concentration of 107 CFU mL~! by sterile normal
saline for later use.

After UV light sterilization for 20 min, CT, PDA-CT, and P(DAM-
co-DA)-CT were incubated with 3 mL of bacterial suspension (107
CFU mL-1) at 37 °C for 4 h. Then, after slightly rinsing with ster-
ile normal saline three times, the bacteria strongly adhered to the
surface of the samples were dispersed into 3 mL of sterile normal
saline via an ultrasonic cleaner. Finally, 0.1 mL of dispersion was
taken out and serially diluted with sterile normal saline. Then, 0.1
mL of the diluted bacterial solution was coated on TSA medium and
further cultured for 24 h at 37 °C. The colonies of the bacteria on
the agar plate were counted and the number of adhered bacteria
was calculated by multiplying the number of colonies by the dilu-
tion factor. The bacterial adhesion resistance of P(DAM-co-DA)-CT
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as compared to the untreated CT was calculated using the following
Eq.(1)[36,37,58]:

Bacterialadhesionresistance(%) = (A-B)/Ax 100 (1)

where A and B are the colony-forming units (CFUs) of the untreated
CT and P(DAM-co-DA)-CT, respectively. Each experiment was car-
ried out in triplicate and the mean results were reported for
analysis.

The obtained bacterial dispersions after the ultrasonic clean-
ing of the raw CT, PDA-CT and P(DAM-co-DA)-CT were also stained
using a LIVE/DEAD® BacLight™ Bacterial Viability Kit (Molecular
Probes, Eugene, OR) [38,43]. First, 0.3 L of 3.34 mM SYTO9 stain
and 0.3 pL of 30 mM PI stain were added to 0.2 mL of the bacterial
suspension. The stain-treated bacterial suspension was then incu-
bated in the dark for 15 min followed by washing in saline solution
and centrifugation. The resuspended stained bacteria were spotted
(10 wL) on a microscopic slide and visualized under a fluorescence
microscope.

2.6. Fungal anti-adhesion tests

According to our previously reported method [44,46,50], an
“invasion experiment” was carried out to evaluate the fungal anti-
adhesion activity of the raw CT, PDA-CT and P(DAM-co-DA)-CT by
employing A. niger, A. flavus, M. racemosus, and P. chrysogenum. The
fungi were cultivated on malt extract agar medium and incubated
at 30 °C for 7 d by the streak-plate method. Following incubation,
fungal cells were eluted and collected by 5 mL of sterile normal
saline and then shocked by a vortex mixer until the cells were
homogeneously dispersed. The concentration of spore suspension
for each fungal species was adjusted to 108 spores mL~! for the fun-
gal adhesion experiments. Circular samples of the raw CT, PDA-CT,
and P(DAM-co-DA)-CT (15.0 + 0.1 mm diameter) were fixed onto
malt extract agar medium. Then, 10 L of fungal suspension was
added to the center of the plate, equidistant to the test samples.
The plate was placed in a mold incubator and thermostatic cul-
tured at 30 °C. Fungi could then grow and expand from the center
of the medium to the edge. The fungal growth phenomena at differ-
ent periods were observed and recorded with a camera. Magnified
images were taken with an electron microscope.

Copolymerization

- >

N

81

“1uln

Journal of Materials Science & Technology 69 (2021) 79-88

P(DAM-co-DA)-CT

Scheme 1. Schematic illustration of the one-step finishing of P(DAM-co-DA)-CT.

2.7. Safety assays

2.7.1. Zone of inhibition (ZOI) determination

ZOl determination is a method for detecting the dissolu-
tion/nondissolution types of antibacterial materials [38]. The ZOlIs
of the raw CT, PDA-CT and P(DAM-co-DA)-CT against E. coli and
S. aureus were determined by diffusion method on an agar plate
according to the GB/T 31713-2015 standard method.

2.7.2. Skin sensitization

The skin sensitization of P(DAM-co-DA)-CT was evaluated
according to a modified ISO 10993.10-2010 standard method
[34,36,50]. Three healthy male albino rabbits (2.0-2.5 kg), pur-
chased from Beijing Vital River Experimental Animal Technology
Co., Ltd., were treated and cared for in accordance with the National
Research Council’s Guide for the Care and Use of Laboratory Ani-
mals. They were shaved on the back to form a 10 x 10 cm?
exposed area. As illustrated in Fig. S1 (in Supplementary Informa-
tion), two P(DAM-co-DA)-CT and two untreated control CT (2.5 x
2.5 cm?) samples were applied to the exposed area of the back skin
and removed after 6 h. The skin sensitization appearances were
recorded at 0, 1, 24,48 and 72 h after material contact. All erythema
scores and edema scores at 24, 48 and 72 h were recorded accord-
ing to the ISO 10993.10-2010 standard (Table S1 in Supplementary
Information). The primary irritation score for each animal was then
calculated by dividing the sum of all scores by 6 (two test sites, three
time-points), and the primary irritation index was obtained by tak-
ing the average scores of the three rabbits. The primary irritation
index categories of the rabbits according to the ISO 10993.10-2010
standard are presented in Table S2 (in Supplementary Information).
Moreover, after contact with the CT and PDAM-CT samples, skin tis-
sue samples were sliced and stained with hematoxylin and eosin
(H&E) for histopathological examination.

2.7.3. Invitro biocompatibility

The biocompatibility of the materials was investigated with
1929 fibroblast cells according to the ISO 10993.5-2009 standard
method [44,46]. The cell cultural medium was supplemented with
10% FBS, 100 units mL~! penicillin and 100 g mL~! streptomycin,
and L929 cells were cultured at 37 °C in a humidified atmosphere
containing 5% CO,. After UV light sterilization, the raw CT and
P(DAM-co-DA)-CT (0.1 g mL~!) were immersed in 2 mL of the
RPMI-1640 medium at 37 °C for 24 h. Then, the obtained extrac-
tion solution replaced the original cell culture medium to culture
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L929 cells. After 48 h of incubation, cell viability was determined
by MTT assay kit. The cell relative growth rate (RGR) was calculated
according to the following formulae. (2):

RGR(%) =Abss70sample /AbS570c0ntrol X 100 (2)

where Abss7gsample and AbSs7ocontrol are the absorbance of the sam-
ple and the reference at 570 nm, respectively. Each experiment was
carried out in triplicate and the mean results were reported for the
assessment of toxicity grades.

2.8. Washing durability

The microbial anti-adhesion durability of P(DAM-co-DA)-CT
was evaluated by an accelerated laundering test according to the
FZ|T 73023-2006 standard method [15,36,50]. The A. niger anti-
adhesion activity was measured after 30 successive washing cycles.
The surface morphology of P(DAM-co-DA)-CT was measured by
SEM before and after 30 successive washing cycles. The chemical
structure was also measured by ATR-FTIR and XPS spectroscopy
analyses.

2.9. UV-resistant and mechanical properties

The UVA and UVB transmittance (T(UVA) and T(UVB)) and ultra-
violet protection factor (UPF) of the CT before and after coating were
measured using a UV resistance tester (YG(B)912E, Darong Tex-
tile Instruments Co., Ltd., Wenzhou, China) according to the GB/T
18830-2009 standard [59]. Each sample was tested four times and
the average number was calculated. The textile was considered to
be an anti-UV product only when UPF>40 and T(UVA)<5%. The ten-
sile strength and elongation at break of the textiles (the warp and
weft directions) were determined with a testing machine (MTS Sys-
tems Co., Ltd., Shanghai, China) according to the GB/T 3923.1-1997
standard [50]. Each sample was tested five times and the average
value was calculated.

2.10. Statistical analysis

Statistical analysis was conducted with SPSS 16.0 software. All
quantitative data are presented as the mean + standard deviation
(SD). After a normal distribution was confirmed, two-tailed Stu-
dent’s t-tests were performed to evaluate the differences between
groups; p-values < 0.05 was considered to be statistically signifi-
cant.

3. Results and discussion
3.1. Characterization of DAM

DAM was first synthesized by combining dopamine and menthyl
chloroformate via an amidation reaction [60]. Fig. S2 (in Supple-
mentary Information) displays the TH-NMR spectrum of DAM. All
signals can be clearly assigned to the corresponding protons of
DAM. The peak at d 8.66 ppm in the low field corresponds to two
hydrogen atoms of the phenolic hydroxyl group [61]. The peak at d
7.01 ppm corresponds to the hydrogen atom of the amide bond. It
was proved that the amino group of DA reacted with the acid chlo-
ride group of menthyl chloroformate. Three peaks at 8 6.41 ppm, &
6.56 ppm, and & 6.62 ppm correspond to three hydrogen atoms of
the benzene ring [54]. The chemical shift at 4.41 ppm corresponds
to the hydrogen atom of the menthol methine group attached to
the ester bond, and the chemical shifts at 3.36 ppm and 3.09 ppm
correspond to methylene protons [62]. Multiple peaks at & 0.7-2.0
ppm can be attributed to other hydrogen atoms of menthol. These
results prove the successful synthesis of DAM.
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3.2. Coating characterization

Digital camera and SEM techniques were used to conduct direct
observations and comparisons of the raw CT, PDA-CT and P(DAM-
co-DA)-CT, and Fig. 1(A) presents the images of these samples. After
24 h of deposition, the obtained PDA-CT was dark brown in color,
which is in agreement with a previous report [63]. The proposed
mechanism of the oxidative polymerization of DA is the oxidation
of catechol to quinone in alkaline solutions. Then, dopamine-
benzoquinone underwent an intramolecular cyclization reaction to
form 5,6-dihydroxyindole, which further underwent intermolec-
ular and intramolecular rearrangement and cross-linked to form
dark-brown PDA[52,55]. During the preparation of P(DAM-co-DA)-
CT, the amide formation of DAM prevented the cyclization of amino
groups into indole, which affected further crosslinking polymeriza-
tion. To form a stable cross-linked coating, dopamine was added to
promote cross-linking copolymerization [60,63]. Thus, the color of
P(DAM-co-DA)-CT was lighter than that of PDA-CT. This indicates
that the copolymerization of DAM and DA reduced the crosslinking
density of DA.

Fig. 1(A)also presents the SEM images of the raw CT, PDA-CT, and
P(DAM-co-DA)-CT. The fibers of the raw CT had a smooth surface,
whereas the surfaces of PDA-CT and P(DAM-co-DA)-CT were rough
and had a granular coating. In general, with the increase of the
coating yield, the roughness of the surfaces increased [64]. There-
fore, the fiber surface of P(DAM-co-DA)-CT was smoother than that
of PDA-CT due to the derived steric hindrance. This proves that
the copolymerization with DAM reduced the coating density of DA,
which was consistent with the color-change results.

The structure of the P(DAM-co-DA) copolymer was determined
by 13C solid-state NMR, rather than 'H NMR, due to its insoluble
property. All the NMR signals of DA and DAM in the copolymer are
demonstrated in Fig. S3 (in Supplementary Information) [65-68].
Therefore, the structure of the P(DAM-co-DA) copolymer was spec-
ulated (Scheme 1) according to the work of Kohri et al. [60] and Zhu
etal. [63].

To determine the characteristic functional groups, Fig. 1(B)
presents the ATR-FTIR spectra of the samples. The raw CT had the
characteristic peak of O—H stretching vibration (3070—3570cm™1),
C—H stretching vibration (2805-3000 cm~!) and C—O stretching
vibration (1029 cm~1) because of the presence of a cellulose glu-
cose unit [44,50]. Compared with that of the raw CT, the spectra of
PDA-CT and P(DAM-co-DA)-CT presented two new peaks at 1515
cm~1and 1612 cm~1, which were attributed to the stretching vibra-
tion of aromatic rings [69,70]. The new peak at 1367 cm~! was
assigned to the C—N stretching vibration of the DA moiety. The peak
at 3330 cm~! was assigned to —OH and —NH- groups, whereas
no —NH, — related peak was found at about 3500 cm~!, suggesting
thatthe DA underwent an oxidative polymerization cyclization. The
peak at 1738 cm~! indicates the characteristic stretching vibration
of C=0 from quinone [71]; the peak at 1220 cm~! was assigned
to the C—O0 of phenol, indicating the coexistence of catechol and
quinone in the PDA and P(DAM-co-DA) coatings. As compared with
PDA-CT, P(DAM-co-DA)-CT showed a new characteristic signal at
1660 cm~!, suggesting the presence of an amide structure from
the copolymerization coating of DAM and DA [60,63]. The peak at
2950 cm~! was assigned to the —CHj of the menthol moiety, further
supporting the synthesis of P(DAM-co-DA)-CT.

In addition, the surface chemical states determined by XPS are
presented in Fig. S4 (in Supplementary Information). C 1s (286.2
eV)and O 1s (532.7 eV) signals were detected in all three samples.
As compared with the raw CT, a new peak at 400 eV corresponding
to N 1s was observed for both PDA-CT and P(DAM-co-DA)-CT, and
was attributed to the amino groups of DA and DAM [72]. The N 1s
signal of the P(DAM-co-DA)-CT sample was weaker than that of the
PDA-CT sample, indicating that the coating density of P(DAM-co-



J. Xuetal.

Fht % &
PDA-CT

P(DAM-co-DA)-CT

Journal of Materials Science & Technology 69 (2021) 79-88

3

S

(0]

(3]

c

]

£ -CH

E |.OH-NH- °  -CONH- !!
s —Raw CT Cc-NC
= —PDA-CT

— P(DAM-co-DA)-CT
4000 3500 3000 2500 2000 1500 1000

RawCT Wavenumber (cm™)
C._ D
[
[]
E 100 4
2 -
@ X
(§] % 80
= N
£ & 604 13
£ s — 5
s 2 40
o g
(o]
S 204
.- w
g
g RawCT PDA-CT P(DAM-co-DA)-CT
°
=z

Raw CT PDA-CT

P(DAM-co-DA)-CT

Fig. 1. Characterization of P(DAM-co-DA)-CT and the control groups of raw CT and PDA-CT. (A) Digital photos and SEM images. (B) ATR-FTIR spectra. (C) EDS mapping. (D)

EDS analysis.

DA)-CT was lower. To further confirm the details, the compositions
of C and N elements were analyzed. As presented in Fig. S5(A1)
(in Supplementary Information), the C 1s spectrum of the raw CT
included three deconvoluted peaks located at 284.8 eV, 286.2 eV
and 287.8 eV, corresponding to the carbon atoms in C—C/C—H, C—0
and O—C—O0, respectively. For PDA-CT, the C 1s region was fit with
three peaks assigned to CHy/C=C, C—0/C—N, and C=0/C—OH (Fig.
S5(A2) in Supplementary Information). As compared with PDA-CT,
the C 1s spectrum of P(DAM-co-DA)-CT (Fig. S5(A3) in Supplemen-
tary Information) exhibited a new peak associated with an N—C=0
bond (287.6 eV). Fig. S5(B1) (in Supplementary Information) dis-
plays the N 1s spectrum of PDA-CT with an —NH- bond (400.1 eV),
while the N 1s spectrum of P(DAM-co-DA)-CT (Fig. S5(B2) in Sup-
plementary Information) exhibited a new peak associated with an
—NH-C(=0)- bond (399.8 eV). These results confirm the successful
synthesis of P(DAM-co-DA)-CT.

The surface elemental compositions were also studied by EDS
characterization (Fig. 1(C) and (D)). Elemental mapping images
(Fig. 1(C)) reveal a distinct difference between the element con-
tents on the surfaces of the raw CT, PDA-CT, and P(DAM-co-DA)-CT.
Only C and O signals were detected on the surface of the blank
raw CT, while signals of N were detected on PDA-CT and P(DAM-
co-DA)-CT. The distribution of N did not have obvious differences
from those of other elements, indicating that the coating was uni-
form. The corresponding data analysis is presented in Fig. 1(D). The
surface N content of P(DAM-co-DA)-CT (1.77 at.%) was lower than
that of PDA-CT (3.25 at.%). After coating, the C/O ratio in PDA-CT
(C: 57.40 at.%, O: 39.35 at.%) was increased to 1.46 as compared
with the ratio of 1.25 for raw CT (C: 55.55 at.%, O: 44.45 at.%), and
the C/O ratio in P(DAM-co-DA)-CT (C: 59.13 at.%, 0: 39.10 at.%) was
increased to 1.51 due to the presence of menthol C;¢ groups. Based
on atheoretical calculation, the modified density of menthol groups
on the surface of P(DAM-co-DA)-CT was approximately 15% under
the used condition.

3.3. Bacterial anti-adhesion capability

The broad-spectrum bacterial anti-adhesion activities of
P(DAM-co-DA)-CT for bacteria (E. coli and P. aeruginosa) and drug
resistant bacteria (MRSA and VREF) were quantitatively evaluated
using plate count method. E. coli and P. aeruginosa are typical strains
for antibacterial evaluation, while MRSA and VREF are considered
to be superbugs that exhibit resistance to antibiotics. As shown in
Fig. 2(A), the bacterial adhesion of all the four type of bacteria on
P(DAM-co-DA)-CT presented distinct reductions as compared with
that on the raw CT and PDA-CT. Fig. 2(B) quantifies the numbers
of bacteria adhered to the three samples. The results demonstrate
that the number of each type of bacteria adhered to P(DAM-co-
DA)-CT was significantly less than those of CT and PDA-CT (p <
0.001). In contrast, the numbers of all four bacteria adhered to PDA-
CT displayed no significant differences as compared with those
adhered on the raw CT (p > 0.05). In other words, the PDA-CT did
not exhibit bacterial anti-adhesion properties. As compared with
the raw CT, the bacterial anti-adhesion efficiencies of P(DAM-co-
DA)-CT against all the four types of bacteria were calculated and
are presented in Fig. 2(C); the efficiencies were 97.1%, 99.4%, 98.0%
and 99.3%, respectively. Therefore, P(DAM-co-DA)-CT displayed an
excellent bacterial anti-adhesion capability against both common
bacteria and even drug-resistant superbugs.

Bacteria adhered to the raw CT, PDA-CT, and P(DAM-co-DA)-
CT were also investigated via LIVE/DEAD® BacLight™ fluorescent
assays. All bacterial cells were stained with SYTO9 to produce green
fluorescence, and dead bacterial cells were stained with PI to pro-
duce red fluorescence. As shown in Fig. 2(D), as compared with the
control groups of the raw CT and PDA-CT, the number of bacte-
ria adhered to the surface of P(DAM-co-DA)-CT was significantly
reduced; moreover, no dead bacteria were found on the surface.
These results provide strong evidence that P(DAM-co-DA)-CT can
effectively inhibit bacterial adhesion instead of killing bacteria.
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Fig. 2. Bacterial anti-adhesion capability of P(DAM-co-DA)-CT. (A) Colony images of bacteria adhered to P(DAM-co-DA)-CT and the control. (B) Statistical amounts of bacteria
adhered to P(DAM-co-DA)-CT and the control. Error bars indicate standard deviations (n = 3, *** p < 0.001). (C) Resistance efficiencies of P(DAM-co-DA)-CT against bacterial
adhesion. Error bars indicate standard deviations (n = 3). (D) LIVE/DEAD® BacLight™ fluorescence assay of bacteria adhered to P(DAM-co-DA)-CT and the control.

Moreover, they further demonstrate that this stereochemical anti-
adhesion strategy is also effective for drug-resistant superbugs.

3.4. Fungal anti-adhesion properties

Fig. 3(A) presents the fungal “invasion experimental” model,
where the raw CT, PDA-CT and P(DAM-co-DA)-CT were closely
adhered to the surface of the solid culture medium equidistant from
the center, and fungiincluding A. niger, A. flavus, M. racemosus, and P.
chrysogenum were respectively cultured in the centers of the plates.
Fungi generally grew and expanded from the center to the border.

As shown in Fig. 3(B) and (C), the A. niger and A. flavus com-
pletely adhered to and covered the raw CT and PDA-CT after 10
d and 8 d of incubation, respectively; however, no fungal cells
adhered to or grew on the surface of P(DAM-co-DA)-CT. The par-
tial enlarged images of the sample surfaces are shown in Fig. 3(B’)
and (C’), and many colored conidia can be observed on the surfaces
of CT and PDA-CT; in contrast, P(DAM-co-DA)-CT exhibited a clear
surface without any fungal stains and produced an obvious edge
of growth inhibition. In other words, as compared with the raw CT
and PDA-CT, P(DAM-co-DA)-CT effectively inhibited the adhesion
and growth of A. niger and A. flavus.

In addition to pathogenic Aspergillus sp., M. racemosus and P.
chrysogenum were also used to evaluate the fungal anti-adhesion
properties of P(DAM-co-DA)-CT. Due to the fast growth rate of M.
racemosus (Fig. 3(D) and (D’)), CT and PDA-CT were completely
covered by its white hypha after 3 d, while it bypassed P(DAM-co-
DA)-CT and did not grow on it. While, P. chrysogenum showed slow
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growth rate, it adhered to the raw CT and PDA-CT surfaces and cov-
ered 50% and 90% of their areas, respectively, after 50 d (Fig. 3(E)
and (E’)); however, it did not grow on the surface of P(DAM-co-
DA)-CT. The P(DAM-co-DA)-CT showed a distinct boundary against
P. chrysogenum. These experimental results demonstrate the broad
spectrum of the developed antimicrobial P(DAM-co-DA)-CT mate-
rial.

3.5. Safety evaluation

According to the safety evaluation standards of antimicrobial
textiles, tests of the solubility of the antibacterial agent, the skin
sensitization, and the in vitro biocompatibility of P(DAM-co-DA)-CT
were carried out.

3.5.1. ZOI test

As presented in Fig. 4(A) and (B), the ZOIs of P(DAM-co-DA)-CT
against E. coli and S. aureus were both zero. In other words, P(DAM-
co-DA)-CT is a non-releasing antimicrobial CT, thus ensuring the
safety of its use.

3.5.2. Skin sensitization test

Skin sensitization tests were carried out with healthy albino
rabbits. After 0, 1, 24, 48, and 72 h of observation, no erythema
or edema was found on the back skin of the rabbits after con-
tact with P(DAM-co-DA)-CT and the raw CT control (Fig. 4(C)). The
skin erythema and edema scores for each animal at 24, 48, and
72 h after the removal of P(DAM-co-DA)-CT and CT were all O
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Fig. 3. Evaluation of fungal anti-adhesion properties. (A) Illustration of fungal anti-adhesion model. (B-E) Digital photos and (B’-E’) enlarged images of the anti-adhesion
effects of raw CT, PDA-CT and P(DAM-co-DA)-CT after culturing A. niger, A. flavus, M. racemosus, and P. chrysogenum in the center of the solid medium for the indicated days,
respectively. The dashed lines represent the edges of the test samples. The green arrow indicates where the fungi passed through the edge, while the red arrow indicates

where the fungi stopped.

(Table S3 in Supplementary Information). Thus, the primary irri-
tation index of P(DAM-co-DA)-CT and CT were both 0 (Table S4
in Supplementary Information). According to the standard (Table
S2 in Supplementary Information), the obtained index represents
a negligible irritation, confirming that P(DAM-co-DA)-CT did not
cause skinirritation or sensitization. Furthermore, the H&E staining
results of the skin samples contacted with CT and P(DAM-co-DA)-
CT revealed no obvious histopathological abnormalities (Fig. 4(D)
and (E)). The absence of any skin irritation indicates that P(DAM-
co-DA)-CT is structurally stable, and no release of DA or DAM small
molecules occurred during its use.
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3.5.3. Invitro biocompatibility evaluation

MTT experiments were conducted to evaluate the in vitro bio-
compatibility of P(DAM-co-DA)-CT. As shown in Fig. 4(F), the RGR
0f L929 cells for raw CT and P(DAM-co-DA)-CT were 96.26% + 6.59%
and 95.46% + 8.14%, respectively, and exhibited no statistical dif-
ferences (p > 0.05). According to the classification standard GB/T
14233.2-2005 of cytotoxic response, both P(DAM-co-DA)-CT and
raw CT had a cytotoxicity level of 1. Therefore, P(DAM-co-DA)-CT
was found to have good biocompatibility, which can ensure its safe
use.
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Fig. 4. Safety assays. (A, B) The inhibition zones of raw CT, PDA-CT, and P(DAM-co-DA)-CT against E. coli and S. aureus, respectively. (C) Skin irritation and sensitization test
of P(DAM-co-DA)-CT and raw CT control according to the ISO 10993.10-2010 standard. The images display the backs of rabbits contacting the control and sample at 0, 1, 24,
48, and 72 h. (D, E) The histopathological analysis of skin with H&E staining for skin contacted with the control and sample at 72 h. (F) RGR of L929 cells for 24 h of incubation
in conditioned media containing an extraction solution of raw CT and P(DAM-co-DA)-CT. Error bars indicate standard deviations (n = 3).

3.6. Washing durability

The microbial anti-adhesion durability of P(DAM-co-DA)-CT
was tested from the perspective of its real-world applicability. After
30 washings cycles, the fungus -covered area of P(DAM-co-DA)-
CT was less than 10%, and its resistance grade remained at level 1
according to the GB/T 24346-2009 standard (Fig. 5(A)). This dura-
bility is due to its structural stability. The surface morphologies
and structure of P(DAM-co-DA)-CT after 30 washing cycles were
re-examined by SEM, ATR-FTIR, and XPS. As shown in Fig. 5(B),
the surface of P(DAM-co-DA)-CT remained rough after 30 washing
cycles. The similar ATR - FTIR (Fig. 5(C)) and XPS (Fig. 5(D)) spectra
of P(DAM-co-DA)-CT before and after 30 washing cycles proved that
there was no change in the molecular structures. The characteristic
absorption peaks of an amide structure at 1660 cm~! (—CO—NH—
vibration) and DA moieties at 1367 cm~!(C—N vibration) remained.
The N 1s signal of the sample also showed no weakness. Hence, this
finishing method was strong enough to survive 30 washing cycles.

3.7. Application performances

UV resistance is an important property for CT application.
P(DAM-co-DA) contains a large number of benzene ring structures,
which help to enhance the absorption of UV light. The UV-resistance
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properties of CT before and after coating were studied by testing
the transmission in the UV radiation range. As shown in Fig. 6(A)
and (B), the values of T(USA) and T(USB) were drastically reduced
while that of UPF was significantly increased after P(DAM-co-DA)
was coated on the CT (p < 0.001), confirming that the P(DAM-co-
DA) coating greatly contributed to the UV- resistance properties.
According to the GB/T 18830-2009 standard of UPF > 40 and T(UVA)
< 5%, PDAM-CT is a qualified anti-UV product.

The mechanical properties of P(DAM-co-DA)-CT were also
improved. As presented in Fig. 6(B) and (C), the breaking strength of
P(DAM-co-DA)-CT increased from 305 & 23 N to 346 + 43 N in the
weft direction, and from 470 + 34 Nto 512 4+ 20 N in the warp direc-
tion. Furthermore, the breaking elongation was improved from
10.22% + 1.32% to 13.21% + 1.61% in the weft direction, and from
23.38% + 1.69% to 31.09% + 2.50% in the warp direction (p <
0.05). These results demonstrate that the P(DAM-co-DA) coating
enhanced the mechanical properties of the cotton fibers. Thus, the
P(DAM-co-DA)-CT material exhibited good usability and applica-
tion potential.

4. Conclusion

We have developed a simple one-step finishing method of CT
via the oxidative copolymerization of DAM and DA. The obtained
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after 30 washing cycles. (B) SEM images, (C) ATR-FTIR, and (D) XPS survey spectra of P(DAM-co-DA)-CT before and after 30 successive washing cycles.
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0.05).

P(DAM-co-DA)-CT exhibited broad spectrum and outstanding
microbial anti-adhesion properties against both bacteria and fungi.
It also showed an anti-adhesive effect against drug resistant super-
bugs, where the adhesion inhibition rate reached more than 97%.
P(DAM-co-DA)-CT is a non-leaching stereochemical antimicro-
bial material, and caused no skin sensitization and showed good

87

biocompatibility. Moreover, P(DAM-co-DA)-CT displayed durable
washing fastness and microbial anti-adhesion properties after
the endurance of 30 laundering cycles. Thus, the menthol group
was demonstrated for the first time as a new stereochemical
unit for a stereochemical antimicrobial strategy. Additionally, the
UV-resistant and mechanical properties were increased after this
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finishing treatment. Due to the broad-spectrum properties of
dopamine adhesion and the stereochemical antimicrobial strategy,
this antimicrobial finishing method is also expected to have good
applications for many other materials including metals, ceramics
and polymers.
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