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ABSTRACT: Modification of fabrics by stereochemical antiadhesion
strategies is an emerging approach to antimicrobial fabric finishing.
However, a purely antiadhesive fabric cannot avoid the passive adhesion
of pathogenic microorganisms. To address this issue, borneol 4-
formylbenzoate (BF) with a stereochemical structure is introduced into a
cationic polymer PEI-modified PET fabric by a simple two-step method.
The obtained fabric exhibits remarkable features of high bactericidal activity,
excellent resistance to bacterial adhesion, desirable fungal repellent
performance, and low cytotoxicity. More impressively, this modified fabric
not only effectively reduces microbial contamination during food
preservation but also plays a role in avoiding infection and accelerating o
wound healing in the mouse wound model. The dual coordination between b
stereochemistry and cations is validated as a viable “attack and defense”

antimicrobial strategy, providing an effective guide for diversiform antimicrobial designs.
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1. INTRODUCTION developed, such as alkaline hydrolysis,'”> ammonolysis,"
plasma treatment,'* y-ray radiation,"”* or UV radiation'® to
introduce reactive groups. Among them, the functionalization
of inert PET with polyethyleneimine (PEI) by ammonolysis
has attracted a lot of attention from researchers.'” On the one
hand, the modification of PEI can provide amino active sites
for subsequent modifications. On the other hand, as a typical
cationic polymer, PEI endows the fabrics with good
bactericidal activity. However, the cytotoxicity of fabrics due
to PEI is a critical issue that cannot be ignored."”

Recently, stereochemical antiadhesion strategies have
attracted widespread interest, of which borneol with stereo-
chemical structures is a representative monomer.'* ™ It has
been reported that the synergistic effect of borneol and
quaternary ammonium salts,”* fluoropolymers,*® zwitterions,*®
and sugar-containing polymers’’ can impart excellent anti-
bacterial and antifouling properties to the materials. However,
since these coatings are not bactericidal, some passive adhesion

Polyethylene terephthalate (PET) fabrics have been used in a
wide range of applications such as apparel, food packaging, and
medical materials due to their excellent mechanical strength,
ease of processing, quick drying, and dimensional stability."”
However, PET fabrics are usually porous three-dimensional
structures that are vulnerable to the growth of host
microorganisms and serve as a transfer medium for pathogens
causing potential microbial cross-contamination.” > In addi-
tion, fungal contamination of PET fabrics under humid
environments is also very serious, which can easily cause
irreversible cosmetic damage to the fabrics.® Therefore, it is of
great importance to endow PET fabrics with diversiform
antimicrobial abilities.

A series of antimicrobial finishing processes have been
developed to solve these problems, the most common of which
are spraying and grafting processes. Known for its simplicity
and speed, the spraying process is usually achieved by spraylng
antimicrobial substances such as cationic polymers,” nano-
particles,” and plant essential oils’ directly onto PET fabrics. Received:  October 27, 2022
Compared with the spraying method, the surface grafting Accepted:  January 23, 2023
finishing method is more tedious, but the finished PET fabrics
generally exhibit better antimicrobial durability. In order to
realize the grafting and finishing of PET, the first step is to
activate PET.'”'" Various activation methods have been
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of pathogenic bacteria is inevitable. Zhang et al. proposed a
“repel-kill” strategy, which provides a new idea to solve this
problem.”® Therefore, in order to achieve a better antimicro-
bial effect of borneol-modified material, an antiadhesive surface
should be provided along with a bactericidal surface to rapidly
kill pathogenic microorganisms on contact and invasion, thus
achieving an “integrated offensive and defensive” strategy
against pathogenic microorganisms.

Herein, we propose a rapid and economical finishing
approach based on dual coordination between stereochemistry
and cations. An antimicrobial PET fabric is prepared using the
cationic polymer (PEI) with the stereochemical unit (borneol)
as an antimicrobial finishing agent via the aminolysis and Schiff
base reactions. The stereochemical structure of borneol
constructs the antiadhesive layer, which realizes the first
defense against microorganisms. The cationic polymer PEI
builds the bactericidal layer and achieves the second defense
against microorganisms. The combination of these two forms
an “integrated offensive and defensive” antimicrobial system,
thus compensating for the shortcomings of each. To our
knowledge, no similar combination of a cationic bactericidal
strategy and a stereochemical antiadhesion strategy for
antimicrobial polyesters has been reported. The obtained
antimicrobial textiles have promising applications in healthcare
and packaging. It is noteworthy that the combination of both
strategies can also be extended to the antimicrobial
modification of other materials.

2. MATERIALS AND METHODS

2.1. Materials. A 100% PET fabric (200 g/m?®) was provided by
Dongguan Huamei Co (Guangdong China). PEI with different
molecular weights (M,, = 600, 1800, and 10000 Da, >99%), malt
extract agar, tryptone soy agar (TSA), and trypticase soy broth (TSB)
were purchased from Aladdin Ltd (Shanghai, China). Borneol 4-
formylbenzoate (BF) was synthesized according to the method
previously reported by our group.”® All reagents were analytically pure
and were supplied by Damao Chemical Factory (Tianjin, China). E.
coli (ATCC 25922), S. aureus (ATCC 25923), M. racemosus (CICC
3161), and A. niger (CICC 41254) were obtained from the China
Center of Industrial Culture Collection. BALB/c male mice (5—6
weeks) were purchased from Beijing Charles River Co., Ltd. All
animals were treated and cared for in accordance with the National
Research Council’s Guide for the care and use of laboratory animals
and under the supervision and assessment by the SPF Animal
Department of Clinical Institute in China-Japan Friendship Hospital
(Approval no. Zryhyy 12-20-08-3).

2.2. Aminolysis Reactions of PET. The PET fabric was washed
in dichloromethane (DCM), acetone, and methanol solutions for 20
min using an ultrasonic cleaner to remove residual commercial
additives and dried overnight at 60 °C under vacuum. A piece of the
PET fabric (5 cm X S cm) was immersed in the 10 wt % PEI/
methanol mixture with continuous stirring at 50 °C for 4 h. The PET
fabric was then washed with an excess of methanol solution to remove
residual PEI and dried under vacuum overnight. PET modified with
different PEI molecular weights was named PET-1 (M,, = 600 Da),
PET-2 (M,, = 1800 Da), and PET-3 (M,, = 10000 Da).

2.3. Grafting BF via the Schiff Base. The graft of BF was
synthesized via the Schiff base reaction between amino groups from
PEI and aldehyde groups from BF. PET-1, PET-2, and PET-3 were
immersed in a BF/methanol solution (0.01 g/ mL), and the reaction
mixture was stirred at room temperature for 8 h. The fabric was then
washed with methanol to remove residual BF and dried under vacuum
for at least 12 h. The fabrics obtained were named PET-1’, PET-2/,
and PET-3".

2.4. Characterization. A scanning electron microscope (JSM-
7800 FJEOL, Tokyo, Japan) was used to observe the surface

morphology of the fabrics at an acceleration voltage of 10 kV.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR,
Perkin-Elmer Spectrum 100 Spectrometer, Waltham, MA, USA)
spectroscopy was used to analyze the surface chemical structure of the
fabrics. X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific, Waltham, MA, USA) was used to analyze the changes in
surface elements before and after sample modification. The
goniometer Kino SL200B was applied to measure static water contact
angles (WCAs) (10 uL) to assess fabric surface wettability.

2.5. Quantification of Amino Groups in the Fabric. According
to the previous report, the quantification of amino groups in fabric
was measured by the orange II method."” The fabric was immersed in
an acidic environmental dye solution (6 mL, 40 mmol/L, pH = 6) for
20 min at 40 °C. The fabric was then washed intensively with the
acidic solution (pH = 6) until there was no release of color. After air
drying, the colored film was immersed in 6 mL of alkaline solution
(pH = 12), and the dye was desorbed. The desorbed dye solution was
adjusted to pH = 6 with a dilute HCI solution. The absorbance of the
obtained solution was measured at 484 nm using a UV-—vis
spectrometer (uv76s, Shanghai Manning Precision Science Co.,
Ltd). The concentration of the amine was determined from the
corresponding calibration curve

y = 7.9488x + 0.0054, R* = 0.9996 (1)

2.6. Antibacterial Assay. 2.6.1. Preparation of Bacterial
Suspensions. The bacterial strains (E. coli and S. aureus) were
incubated in a fresh TSB medium overnight at 37 °C and then
harvested by centrifugation at 6000 rpm for S min. Bacterial cells were
washed five times with 2 mL of sterile saline to remove soluble
nutrients. The resulting bacterial suspension was diluted to a
concentration of 10" CFU/mL with saline for later use.

2.6.2. Bactericidal Activity Assay. The bactericidal activity of
fabrics against bacteria (E. coli and S. aureus) was evaluated accordin
to the standard protocol of AATCC 100 with slight modifications.’
The bacterial suspension (30 uL, 107 CFU/mL) was added and
sandwiched between two pieces of sterilized fabric samples (1 cm X 1
cm). Sandwich structures were incubated at 37 °C for 24 h, and a
moist environment was maintained throughout the incubation to
prevent fabrics from drying out. The fabric was then transferred to a
centrifuge tube, and 2 mL of sterile saline was added. The sample was
washed with sterile saline under vigorous agitation to effectively wash
the bacterial cells from the fabric surface. Serial dilutions of 0.1 mL of
the eluate were performed with 10-fold dilution and then coated on
TSA plates. These plates were incubated at 37 °C for 12 h, and the
number of cfus was manually counted to determine the antimicrobial
effect of the fabrics. Each fabric sample was tested in triplicate. The
antimicrobial performance of the modified fabric compared to the
original fabric was calculated in terms of bacterial survival (%)

antimicrobial efficiency (%) = (A — B)/A X 100 (2)

where A and B are the colony-forming units (CFUs) of raw PET and
modified PET, respectively.

2.6.3. Bacterial Adhesion Assay. The resistance of fabrics to
bacterial (E. coli and S. aureus) adhesion was evaluated according to
the modified GB/T 20944.3—2008 method and ASTM E2149
method.*" In brief, the UV-sterilized fabrics were incubated in 3 mL
of the bacterial suspension (107 CFU/mL) in a shaker at 37 °C for 24
h. Then, after three gentle rinses with sterile saline, the bacteria firmly
adhering to the sample surface were dispersed into 3 mL of sterile
saline by vigorous stirring. Finally, 0.1 mL of the dispersion was taken
out and serially diluted with sterile saline. The diluted bacterial
solution (0.1 mL) was evenly coated on the TSA medium and
incubated at 37 °C for 24 h. The number of cfus was calculated
manually, and the number of adherent bacteria was calculated by
multiplying the number of colonies by the dilution factor. Each fabric
sample was tested in triplicate. The bacterial adhesion performance of
the modified fabric compared to the original fabric was calculated in
terms of the number of colonies (%)

antiadhesion efficiency (%) = (A — B)/A X 100 3)
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Scheme 1. (a) Preparation of PET Fabrics with Diversiform Antimicrobial Abilities by Two-Step Finishing; (b) Application of
the Modified Fabrics (I): Antibacterial and Antifungal; (II): Food Preservation; and (III): Infected Wound Treatment
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where A and B are the colony-forming units (CFUs) of raw PET and
modified PET, respectively.

2.6.4. SEM Images. For SEM imaging, the fabrics were gently
rinsed three times with sterile saline and then completely immersed in
a 2.5 wt % glutaraldehyde solution and placed at 4 °C for 2 h to fix the
bacteria. The fabrics were then dehydrated in the gradients of 10, 30,
50, 70, 90, and 100 wt % ethanol/water solutions. After drying and
sputter coating with Au, the fabrics were observed by SEM.

2.6.5. Zone of Inhibition Assay. The zone of inhibition (ZOI)
experiment was used to test whether the fabric killed the bacteria by
releasing small molecules. In brief, the bacterial suspension (0.1 mL,
10’ CFU/mL) was added dropwise on the TSA medium, and then
the bacterial suspension was spread evenly with a spreader. The fabric
was then placed in the center of the medium and incubated at 37 °C
for 24 h. The experimental phenomena were recorded using a digital
camera.

2.7. Antifungal Assay. 2.7.1. Preparation of Fungal Suspen-
sions. The fungi (A. niger and M. racemosus) were incubated
separately on a malt extract agar medium at 30 °C for 7 d using the
plate scribing method. The fungal spores were then eluted with S mL
of 0.9 wt % saline, collected, and uniformly dispersed. For the
antifungal experiment, the concentration of the spore suspension was
adjusted to approximately 10° CFU/mL.

2.7.2. Fungal Repelling Assay. A. niger and M. racemosus were
chosen as typical fungal strains to assess the ability of the fabric to
resist fun§al adhesion according to the previously reported
method.*>* First, 2 L of the fungal suspension was added to the
center of the plate. Next, the circular fabric (diameter = 15 mm) was
placed approximately 15 mm from the center. Incubation was carried
out in a mold incubator at 30 °C. The growth phenomena of the fungi
were observed and recorded using a camera at different times.

2.7.3. Fungal Killing Assay. A simple contact killing method was
used to investigate whether the fabric had a fungicidal effect. The A.
niger suspension (30 uL, 10 CFU/mL) was added and sandwiched
between two pieces of sterilized PET-3’ (1 cm X 1 cm). Sandwich
structures were incubated at 30 °C for 24 h, and a moist environment
was maintained throughout the incubation to prevent fabrics from
drying out. Subsequently, the PET-3' fabric was inverted in the

medium by the “stamp” method, and the fabric was removed after 30
s (the position where the fabric was placed is marked). The medium
was incubated in an incubator at 30 °C for 7 d to observe the growth
of A. niger. In addition, the microscopic morphology of A. niger (after
24 h of contact with PET-3') was also observed by SEM.

2.8. Cytotoxicity Assays. 2.8.1. Cytotoxicity Test. Mouse
fibroblast (L929) cells were selected for the cytotoxicity assessment
of PET, PET-3, and PET-3’ by the MTT method.*>** Cell
suspensions that had successfully undergone recovery and passaging
were added to 96-well plates, and then the 96-well plates were placed
in an incubator for 24 h. Sterilized PET, PET-3, and PET-3’ fabrics
(0.05 g) were added to the culture plates, and 10% FBS, 100 units/
mL penicillin, and 100 pg/mL streptomycin were added to each well
of the culture plates. The plates were then placed in an incubator for
incubation at 48 h, and cell viability was determined using the MTT
kit.

2.8.2. Fluorescent Images. The live/dead cell viability assay was
used to observe the viability of cells after treatment with fabric
samples. In brief, cells and fabrics were coincubated for 48 h and
washed twice with PBS. Under light-proof conditions, 50 uL of the
live/dead staining solution was added to each well and protected from
light for 15 min. Next, the cells were carefully rinsed twice with PBS
to wash away the unbound dye. Finally, fluorescent images were taken
under a fluorescent microscope.

2.9. Potential for Practical Applications. 2.9.1. Application of
Food Preservation. To explore the potential of antimicrobial PET
fabrics for food preservation, a simple experiment was designed in
which both water and milk were selected as the study subjects. In
brief, PET-3’ was sterilized with a 75% aqueous ethanol solution and
air-dried on an ultraclean bench for 24 h. Then, 18 mL of beverages
(water or milk) were placed in sterilized glass bottles. The fabric was
tied around the mouth of the glass bottle, and the bottles were placed
in an indoor environment. An aliquot of the beverage (100 uL) was
removed at the indicated time point and evenly applied to the surface
of the TSA plate. These plates were incubated at 37 °C before
observation. The PET fabric and special bacterial filter film were used
as comparative tests. The percentage of area occupied by bacteria in
the plates was quantified using Image J software.
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Figure 1. Characterization of PET and modified PET. (a) Digital photos and micromorphology. The scale bar in the image is 1 cm (black) and 10
um (white). (b) Quantification of surface amino groups. (c) WCA. (d) ATR-FTIR spectra. (e) XPS spectra.

2.9.2. Application of Wound Dressing. The establishment of the
mouse injury model was based on the previous literature to assess the
wound healing of bacterial infections in modified fabrics.*>*® Before
the test, the fabrics were sterilized in 75 wt % ethanol and irradiated
with ultraviolet light for 1 h. In this study, male BALB/c mice aged 6—
8 weeks (weighing 12—16 g) were used as study subjects and allowed
to acclimatize for 7 d in the laboratory. The mice were randomly
divided into three groups with three mice in each group (n = 3)
according to the different treatments. The PET-3’ group was selected
as the experimental group, and the no treatment-only infection group
and the PET group were selected as the control group. Before surgery,
all mice were anesthetized intraperitoneally with sodium pentobarbi-
tal. Subsequently, a 10 mm diameter wound on the back of the mouse
was created using a scalpel and a pressure mold (d = 10 mm). Then,
the S. aureus suspension (20 uL, 1 X 10° CFU/mL) was dispersed
uniformly into the wound to cause infection. A 15 mm diameter fabric
was applied to the infected wound and secured with tape to prevent
detachment. The wound healing process was photographed using a
camera at different time intervals (0, 3, 7, 10, and 14 days). Wound
healing was assessed from the percentage of wound healing rate. The
wound area was measured using Image J software and the following
formula®”

WC = (S, — S,)/S, X 100% (4)

where S, is the initial area of the created wound and S, is the wound
area at time t. WC is the wound healing rate.

2.10. Mechanical Performance. The tensile strength and
elongation at the break of textiles (warp and cotton yarns) were
evaluated according to GB/T 3923.1—1997 standards. Each sample
was tested five times, and the average value was calculated.

2.11. Washing Durability Assays. To study the washing
durability of the fabric, the standard method FZ/T 73023—2006
was used to evaluate the antimicrobial ability of PET-3" after 50
washes, according to previous reports.21 Each cycle was performed in
a household washing machine with a regular detergent and 40 °C
water (2 g/L). In a typical wash cycle, fabrics were washed for 2 min
and spun for 30 s, recorded as one cycle. The fabrics’ fungal repelling
and bactericidal activities were evaluated after SO consecutive washing
cycles. To avoid the effects of residual detergents, fabrics should be
washed with plenty of water and dried in the air before conducting
antimicrobial tests. In addition, the changes in the WCA and surface
chemical structure were evaluated before and after washing.

2.12. Statistical Analysis. Statistical analysis was performed with
SPSS 16.0 software. All quantitative data were expressed as mean +
standard deviation. After confirmation of normal distribution, two-
tailed Student’s t-tests were performed to assess differences between
groups; p-values <0.05 were considered statistically significant.
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Figure 2. Bactericidal activity of PET and modified PET. (a) Culture medium images of different fabrics. (b) Antimicrobial efficiency of fabrics
against E. coli. (c) Antimicrobial efficiency of samples against S. aureus. (d) SEM images of bacteria after 24 h of direct contact with the fabrics. The

scale bar in the image is 1 ym. ns p > 0.0S.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of the Fabric.
PET was first modified by an ammonolysis reaction (Scheme
la, Step 1). Under alkali-catalyzed conditions, the amino
molecules in PEI were inserted into the chains of PET, leading
to the breakage of ester bonds and the formation of amide
bonds."” PEI was chosen as the solution for the aminolysis
reaction because it achieves activation of the inert surface of
PET. PEI also plays a bactericidal role as a cation, and its
antibacterial activity is closely related to the molecular weight
of PEL*® Subsequently, the amino group on the surface of PET
and the aldehyde group on BF are covalently combined by an
efficient Schiff base reaction (Scheme 1a, Step 2). Due to the
combination of PEI and BF, the modified polyester fabric has

the potential of antimicrobial, food packaging, and accelerated
wound healing (Scheme 1b I-III).

PEI with different molecular weights can bring not only
different bactericidal abilities to polyester but also different
amounts of amino groups to the polyester surface. The number
of amino groups will affect the grafting density of the
subsequent BF. Therefore, in the first step of polyester
modification, we chose three different molecular weight PEIs
to carry out the ammonolysis of PET. For PET-1, -2, and -3,
the microstructure of the fibers was slightly damaged to
different degrees compared to PET. In terms of PET-1', -2/,
and -3', they showed a color change visible to the naked eye
and an increase in microscopic roughness (Figure 1la). The
quantitative analysis of the amino density of modified PET was
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carried out by orange II staining. Orange II dyes can bind to
the amino groups on the surface of the fabric under acidic
conditions, and the shade of the color reflects the number of
amino groups.”” From the photos after dyeing, PET appeared
white due to the absence of amino groups on the surface. With
PEI modification, the fabric showed different degrees of orange
color visible to the naked eye, with PET-3 having the darkest
color. After BF grafting, the color of PET-1’, -2/, and -3’
showed a slight decrease compared to PET-1, -2, and -3
(Figure S2). The amino densities of PET-1, -2, and -3 and
PET-1', -2/, and -3’ were 667.8, 1650.3, 3194.4, 575.1, 1324.3,
and 2414.2 pmol/g, respectively (Figure 1b). The decrease in
the amino density on the sample surface compared to the
sample with the previous amino step indicates that BF occupies
the amino site. The grafting densities of the BF of PET-1, -2/,
and -3’ can be calculated as 92.7, 326.0, and 780.1 umol/g,
respectively. Based on this result, the degree of grafting of BF
for PET-1’, -2/, and -3' is 13.9, 19.7, and 24.4%, respectively.
The change in the contact angle of the fabric before and after
finishing was also measured (Figure 1c). The WCA of PET
changed after the ammonolysis reaction (CA = 96 — 0°)
because of the strong hydrophilicity of PEI, which was similar
to that previously reported.”” The WCAs of PET-1/, -2/, and
-3’ were above 110°, which was caused by the hydrophobic
cage-like structure of BF.

The attenuated total reflection—Fourier-transformed infra-
red (ATR-FTIR) spectra were used to confirm the changes in
characteristic functional groups before and after fabric finishing
(Figure 1d). All fabrics showed the C=0 stretching of ester
groups (1702 cm™"), the deformation of the benzyl group
(1099 cm™), and the C—H out-of-plane bending vibration of
benzene (720 cm™') resulting from the distinctive character-
istic peaks of PET. The appearance of amide bond character-
istic vibrations (1468 cm™') and the N—H stretching of
primary amines (3300 cm™") in PET-3 (compared to the ATR-
IR spectra of PET) indicated that the aminolysis of PET was
successfully carried out. For PET-3’, a new characteristic C=
N vibrational peak (1636 cm™) represented the formation of
Schiff base bonds.”' In addition, the characteristic peaks of
amines and hydroxyl groups at 3300 cm™" were not observed
in PET-3’, which may be due to the apparent decrease in the
amount of amines in the fabric.

XPS was also used to confirm the elemental composition of
the fabric surface (Figure le). PET-3 showed significant
changes in C 1s (73.96 wt %), O 1s (6.06 wt %), and N 1s
(19.98 wt %) compared with those of PET (73.20 wt %, 25.28
wt %, and 1.52 wt %, respectively) (Table. S1). Theoretically,
there was no nitrogen on the surface of pure PET, but N
appeared in the XPS spectrum. This may be due to other
unknown residues on the surface of commercial PET that
cannot be cleaned. For PET-3, the C 1s XPS spectrum (Figure
S4b) showed three component peaks at 284.8, 285.6, and
288.8 eV, respectively, assigned to C—C/C—H, O—C—C, and
C=0. Notably, another component peak can be observed at
285.6 eV, which was closely related to the amide N, indicating
abundant amide bonds. In the O 1s XPS spectrum (Figure
S4b), a significant peak indexed to O—H (531.4 eV) was
presented, owing to the aminolysis reaction. In addition, the N
Is spectrum (Figure S4b) showed two component peaks at
399.3 and 400.1 eV, respectively, assigned to N—C and NH;".
After modification with BF, PET-3’ showed significant changes
compared with PET-3. Two new components of the C 1s XPS
spectrum (Figure S4c) could be observed at 285.0 and 286.2

eV, closely related to the C of the Schiff base bond.
Importantly, in the N 1s XPS spectrum (Figure S4c), a
major peak indexed to N=C (531.4 eV) was presented owing
to the reaction of aldehydes and amino groups.

3.2. Bactericidal Activity Assay. Gram-negative E. coli
and Gram-positive S. aureus were selected to evaluate the
biocidal efficacies of the fabrics. PET-1, -2, and -3 exhibited
different degrees of killing efficiency against E. coli and S.
aureus (Figure 2a). By electrostatic interaction, the positively
charged PEI interferes severely with the bacterial film when
bacteria approach the fabric, resulting in the death of the
bacteria.” In addition, with the increase in molecular weight of
PEI, the antibacterial efficiency of PEI-PET against two
bacteria kept increasing (Figure 2b,c), indicating a positive
correlation between the antimicrobial activity of the cationic
polymer and the amino density of PEL It has been reported
that the antibacterial activity of PEI against E. coli and S. aureus
depends on the structure and molecular weight (M) of PEL*
In addition, the PEI-modified PET fabrics showed different
antibacterial efficiencies against E. coli and S. aureus. The
reason for this phenomenon is that the selective antibacterial
activity of PEI against Gram-positive bacteria S. aureus is
signifglcantly better than that against Gram-negative bacteria E.
coli.

The antibacterial activity of PET-1’, -2’, and -3" decreased in
varying degrees after grafting BF, which was due to a slight
decrease in cation density on the fabric surface. For example,
the antibacterial efficiency of PET-3 against E. coli and S.
aureus reached more than 99.5%. PET-3’ showed still high
antibacterial efficiency against E. coli and S. aureus at 93.5 and
99.1%, respectively. The results of the significant difference
analysis indicate that although the grafting of BF caused a
decrease in the density of cationic groups of PET-3, it did not
cause a significant decrease in bactericidal efficiency (p > 0.05).
This may be because borneol has a rigid structure that allows it
to act as a membrane-targeting substance embedded in
bacterial membranes, which would somewhat attenuate the
effect of cation density reduction on the antibacterial
effect.”**

In order to better understand the antibacterial mechanism of
PET-3’, the morphological characteristics of the bacteria after
contact with the fabric were observed. As shown in Figure 2d,
the cellular structure of E. coli and S. aureus in the untreated
PET fabric remains smooth and complete. After 24 h of
incubation, most bacteria in PET-3 and PET-3 'groups showed
membrane damage and sharp contraction, which was mainly
due to the strong bactericidal effect of PEL. The assumed
action mechanism of PEI as a cationic polymer mainly involves
the replacement of divalent cations, which bind the negatively
charged surfaces of the lipopolysaccharide network together,
thus damaging the outer membrane.* It is also possible that
after the outer membrane permeability barrier is destroyed, the
cationic group will further penetrate into the inner membrane,
causing leakage.*’

To further confirm the killing mechanism, the ZOI
experiment was determined. It is accepted that the ZOI
experiment could reflect the susceptibility of bacteria to
antimicrobial agents and their antimicrobial mechanism to
some extent.”” The results of the ZOI experiment of PET-3’'
showed that it did not produce any inhibition against E. coli
and S. aureus (Figure SS), which indicated that the
antimicrobial component of PET-3" had nonleaching proper-
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Figure 3. Bacterial adhesion behavior of PET and modified PET. (a) Images of colony counts of bacteria adhering to different fabrics. (b)
Statistical numbers of E. coli and S. aureus adhering to the different fabrics. (c) Antiadhesion efficiency of different fabrics against E. coli and S.
aureus. (d) SEM images of adherent bacteria on control and treated fabrics. The scale bar in the image is 20 pm. ****p < 0.0001, ***p < 0.001,

*¥p < 0.01, ¥p < 0.0S, and ns p > 0.0S, respectively.

ties. Therefore, the contact killing mechanism was the primary
way of PET-3' to exert its antimicrobial function.

3.3. Microbial Adhesion Assay. The surface of the fabric
is susceptible to bacterial adhesion to form biofilms, which are
difficult to remove.*** As such, it is imperative that the fabric
resists bacterial adhesion effectively. The plate counts showed
that PET-1, -2, and -3 exhibited different degrees of adhesion
inhibition against E. coli and S. aureus (Figure 3a). The
antiadhesion efliciencies of PET-1, -2, and -3 against E. coli
were 24.8, 71.0, and 89.3%, respectively. The antiadhesion
efficiencies of PET-1, -2, and -3 against S. aureus were 25.9,
49.8, and 94.3%, respectively (Figure 3c). Comparing the
antibacterial adhesion results of PET modified with different
molecular weights of PE], it is easy to find that PET-3 had the
highest antiadhesion activity, well consistent with the results of
the biocidal assay. With BF grafting, PET-1', -2/, and -3’ all
exhibited enhanced resistance to bacterial adhesion compared
to PET-1, -2, and -3, indicating that the incorporation of BF
component into the fabric greatly enhanced the capability to
resist bacterial adhesion. This result was contrary to the results
of the bactericidal experiment, which was attributed to the
unique cage-like monoterpene structure of the borneol
monomer. It was deduced that the borneol component on

the fabric enhances resistance to bacterial adhesion by
discouraging bacteria from adhering to the fabric surface at
the initial stage of adhesion due to the recognition of the
“chiral taste”.”® Microscopic images of the fabric after contact
with the bacterial solution were used to verify this result. The
results of SEM showed that a large number of E. coli and S.
aureus adhered to the surface of the PET fabric. The adherence
of bacteria on PET-1, -2, and -3 showed different degrees of
decrease with different PEI modifications. It can be observed
that there is still a small number of bacteria adhering to the
surface of the PET-3 fabric. Compared to PET-1, -2, and -3,
there was a significant decrease in bacteria adhered to PET-1’,
-2/, and -3'. The PET-3’ fabric was very smooth, and no
bacterial adhesion was observed (Figure 3d). Thus, the
combination of the bactericidal effect of PEI and the
antiadhesive effect of BF endowed PET fabrics with good
resistance to bacterial adhesion.

3.4. Fungal Repelling Assay. The resistance of polyesters
to fungal adhesion was evaluated by visualizing an experimental
model of fungal repulsion.50 The model is based on the
selection of A. niger and M. racemosus, and the incubation time
is 30 d. A. niger or M. racemosus spreads in a circular pattern
from the center to the periphery of the medium, and when it
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Figure 4. Fungal repulsion behavior of PET and modified PET. (a) Digital photos of the fungal (A. niger and M. racemosus) repulsion effect of the
fabrics in 30 d. (b) Quantification of fungal colonization areas on the surface of fabrics against A. niger. (c) Quantification of fungal colonization
areas on the surface of fabrics against M. racemosus. (d) Digital photos of the “stamp” experiment. (e) SEM images of A. niger after 24 h of direct
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touches the edge of the material, it can choose to climb up or
around the material and continue to grow, thus determining
whether the material can resist fungal adhesion.

Considering that PET-1, -2, and -3 had been proven to kill
bacteria in varying degrees (Figure 2), we first verified whether
they could also be resistant to fungal adhesion. Unfortunately,
PET-1, -2, and -3 showed poor antifungal effects. In antifungal
landing experiments, all three samples were completely
covered by A. niger and M. racemosus, indicating the samples
had no resistance effect to fungal contamination (Figure S6).
As shown in Figure 4a, the surfaces of PET, PET-3, and PET-
1’ fabrics were gradually covered with black A. niger or M.
racemosus, while no black A. niger or M. racemosus was
observed on the surface of PET-2’ and PET-3’ fabrics. Upon
magnification of the fabric (Figure S7), numerous fungal (A.
niger or M. racemosus) overlays could be observed on the PET,
PET-3, and PET-1’ surfaces; in contrast, PET-2" and PET-3’

exhibited clear surfaces without any fungal stains and produced
distinct edges of growth inhibition. Quantitative statistical
studies of fungal adhesion to the material surface were
performed by Image ] software; PET-1" was covered by A.
niger and M. racemosus with almost 100% coverage in 8 d. On
the contrary, PET-3’' showed good antiadhesive properties
against both A. niger and M. racemosus with a coverage rate
close to 0% in 30 d (Figure 4b,c). This was because the unique
stereochemical structure of BF gave the fabric good fungal
repelling properties. In addition, the performance of PET-2" in
the antifungal evaluation was worth exploring. In the anti-A.
niger experiment, PET-2" showed a degree of antifungal effect
after 30 d, when A. niger appeared partially covered on the
material’s surface, with a surface coverage of about 40%. This
result is similar to previous reports that the antibacterial effect
of borneol-modified surfaces is closely related to the density of
small molecules.*”>"** Therefore, compared with PET-1, the

https://doi.org/10.1021/acsami.2c19323
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19323/suppl_file/am2c19323_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19323/suppl_file/am2c19323_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19323?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19323?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19323?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19323?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c19323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Q

100

80

60

40

Relative growth rate (%)

20

Pl Calcein AM

Merged

Control PET

Figure S. Cytotoxicity of PET and modified PET. (a) Relative growth rates of 1929 cells after 48 h of incubation with the fabrics. (b) Fluorescence
microscopy images of 1929 cells after 48 h of incubation with the fabrics. The scale bar in the image is 100 ym.

a
— Polyester

- Beverage

I"'FF'

COntroI

The time of sampling

Figure 6. Photographic images of food preservation. (a) Schematic diagram of food preservation experiment and commercial beverage. (b)
Inactivated milk and (c) water, 100 L, on the TSA plate, sampling after 24 and 48 h storage, respectively.

anti-A. niger effect of PET-2’ improved but did not reach the
expected effect (Figure 4b). In the anti-M. racemosus
experiment, PET-2" remained clean after 30 d (Figure 4c).
The difference in the degree of contamination of PET-2
against these two different types of fungi may be due to the
different sensitivities of different classes of fungi to borneol.
In addition, to explore whether PET-3 can kill fungal spores,
a simple “contact-killing” sandwich structure was designed.
After 24 h of contact between spores and the material, the
material with spores was brought into full contact with the
medium, and then it could be judged whether the material had
killed the spores by observing whether there was fungal growth
on the medium. After 7 d, it was observed that all three groups
had A. niger growing on the medium (Figure 4d). In addition,
the microscopic morphology of A. niger spores after contact
with the fabric was also observed to determine whether the
three fabrics had a membrane-disrupting effect on the fungi
(Figure 4e). The results showed that all groups of A. niger
spores did not show cell lysis or membrane deformation and

invagination, which indicated that all three fabrics could not
kill A. niger spores. This phenomenon may be due to the thick
outer membrane of the fungus and its low density of negatively
charged lipids,”® which prevented the effective breaking and
killing of both PET-3 and PET-3’ against A. niger. Therefore,
PET-3’ can protect from fungal contamination by repelling the
fungi rather than killing them.

3.5. Cytotoxicity Assay. Cytotoxicity is a crucial indicator
in assessing the biocompatibility of antimicrobial fabrics. Thus,
the cytotoxicity of PET-3’ fabrics with the best antimicrobial
performance was evaluated according to standard MTT
methods. The results were expressed as relative percentages
of negative controls (100% cell viability). As shown in Figure
Sa, the cell viability of PET was maintained at 91.9 + 3.0%
while that of PET-3 was only 67.3 + 7.3%, which proves that
the presence of a large number of cationic groups of high-
molecular-weight PEI resulted in the killing of cells. Notably,
compared to PET-3, there was a significant increase in cell
viability in PET-3’ remaining at 84.4 + 1.5%, suggesting that
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0 to 14 d. Data are reported as means + SD. *p < 0.05 and ns p > 0.05.

the BF modification reduced the cytotoxicity of PEL’*
According to the standard toxicity rating in the Pharmacopoeia
of the United States (USP, Table S2), the cytotoxicity of PET-
3’ is in grade 1 (Table S3). Fluorescence microscopy images
were further used to confirm the state of the cells. As shown in
Figure Sb, the cell populations in PET and PET-3’ showed
high viability, and the cells retained their spindle-shaped
morphology. In contrast, the cell population in the PET-3
group showed significant deformation. This result corresponds
to the MTT results. Thus, PET-3’ is an antimicrobial fabric
with low cytotoxicity.

3.6. Application of Food Preservation. A simple
experiment was designed to verify the potential of polyesters
in food preservation (Figure 6a). Water and milk were chosen
as the subjects of the study. Commercially available milk and
sterile water are usually sterile. The special sealing film selected
in the control group was able to isolate the entry of
microorganisms, so almost no airborne microorganisms were
able to enter the control bottles and no bacterial colonies were
observed on the TSA plate throughout the incubation process
(Figure 6b). After 24 h of storage, the milk from the PET
group contained bacteria, as evidenced by visible colonies
growing on the TSA plate, indicating that the milk had been
contaminated with bacteria during storage. In contrast,
bacterial colonies did not appear in the TSA plate of the
aliquots of milk from the PET-3’ group until 48 h (Figure 6b).
On the other hand, within 48 h, almost no bacterial colonies
were observed on the Petri dishes of the water samples in the
PET-3’ group; in contrast, a small number of bacterial colonies
appeared in the PET-3 group (Figure 6c). The percentages of
bacterial colonies in the plates of different groups were
quantified by Image J (Figure S8). The results showed that the
plates of the PET-3’ group had significantly lower bacterial
colonies than those of the PET-3 group after 48 h of storage of
milk and water (p < 0.0001). This phenomenon indicated that
PET-3’ effectively blocked the entry of airborne bacteria due to
its good antibacterial properties.

3.7. Application of Wound Healing. To evaluate the
therapeutic effect of the PET-3’ fabric on infected wounds in
vivo, a mouse whole-skin tissue wound infection model was
constructed using S. aureus at a concentration of 10% CFU/mL
to simulate infected wounds (Figure 7a). The wound healing
efficiency of PET-3’ fabric was evaluated by observing the
wound surface morphology and calculating the wound area
percentage results. The blank group was not treated except for
bacterial infection. The wounds in all groups showed a gradual
decrease and reduction over time (Figure 7b). However, at any
of the periods (3, 7, 10, and 14 d), the wound healing rate was
significantly faster in the PET-3'group than in the PET and
control groups. The calculated residual wound percentages
shown in Figure 7c quantitatively demonstrate the significant
therapeutic effect of PET-3’ on the healing of infected wounds
compared to the PET and control groups. Specifically, the
wound healing rate in the PET-3" group reached 39.5 + 8.0,
51.6 + 10.1, 78.9 + 3.9, and 98.4 + 0.5% on 3, 7, 10, and 14 d,
respectively, compared to 18.1 & 9.0, 45.3 + 2.8, 62.9 + 4.2,
and 89.2 + 0.7% in the PET group. All results indicated that
PET-3’ accelerates wound healing, which is attributed to the
combination of the cationic bactericidal and stereochemical
antiadhesive properties of PET-3’ fabrics. On the one hand,
the cationic polymer PEI is effective in killing bacteria during
contact with the wound due to its powerful bactericidal
effect.® On the other hand, the stereochemical structure of the
borneol can effectively prevent the adhesion of harmful
microorganisms in the air.”! In addition, the structure of the
PEI-finished fabric becomes looser compared to the original
PET fabric, and the loose structure results in higher water
vapor permeability (Figure S9). This structural feature
contributes to the need for air—fluid exchange in the wound,
thus promoting wound healing.>> Therefore, the PET-3’ fabric
has great potential in promoting wound healing, especially
bacterial infection wound healing.

3.8. Mechanical Properties and Washing Durability.
The aminolysis reaction of PET often leads to the breakage of
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the polymer chain of PET, causing a decrease in the
mechanical properties of the fabric.>® Therefore, it is essential
that the mechanical properties of the modified PET fabric can
meet daily requirements. As expected, the mechanical property
of PET-3 and PET-3’ was somewhat degraded compared to
PET (Figure 8a,b). The breaking strength of PET-3’ decreased
from 19.8 + 0.75 to 18.6 = 0.85 MPa in the warp direction and

from 13.6 + 1.7 to 12.5 + 1.9 MPa in the weft direction and
the elongation at break increased from 14.0 + 1.8 to 14.0 +
1.1% in the warp direction and from 15.0 #+ 0.9 to 12.0 + 1.0%
in the weft direction (Figure 8c,d). The results of the statistical
analysis showed that there was no significant difference in the

breaking strength and elongation at break of the three fabrics
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(p > 0.05). Thus, the modified fabric still maintains good
mechanical properties.

Washing durability is an important feature to evaluate the
reusability of the developed antimicrobial fabrics.”” After 50
repeated washing cycles, the hydrophobic performance of
PET-3’ remained stable, and the WCA was maintained at 116°
(Figure 8e). Proper hydrophobicity ensured that the fabric can
be used for medical protective materials such as medical-
surgical masks and protective clothing with waterproof
requirements.” The surface chemical structure of PET-3'
after washing was reviewed by ATR-FTIR spectroscopy
(Figure 8f). Similar ATR-FTIR spectra of PET-3’ before and
after 50 wash cycles showed no change in the molecular
structure. The characteristic absorption peaks of the Schiff base
structure at 1720 cm™' (C=0 vibration) and 1636 cm™' (C=
N vibration) were still present. The washing durability of PET-
3’ came from the excellent stability of the hydrophobic Schiff
base structure, which stabilizes the Schiff base even under
weakly acidic conditions.”®*” In addition, previous reports
from our group had shown that most detergents were
alkaline.”" Therefore, PET-3' Schiff base was strong enough
to survive the action of common detergents, thus providing
stable modification and long-lasting antimicrobial ability. Based
on the antimicrobial effect, PET-3’ was selected as the
characteristic antimicrobial fabric to test its reusability. After
50 washing cycles, the antibacterial activity of PET-3" against
E. coli and S. aureus was maintained at 90.1 & 4.0 and 94.7 +
1.3%. The antibacterial activity of PET-3 was maintained at
91.1 + 1.5 and 94.8 = 0.8% (Figures 8g and S11). The
antibacterial activity of PET-3 and PET-3’ did not show
significant differences after washing (p > 0.05). Also, the
antifungal (A. niger and M. racemosus) coverage area of PET-3’
was 91.8 + 1.2 and 99.8 + 0.1% (Figures 8h and SI2).

Therefore, PET-3’ has good washing durability.

4. CONCLUSIONS

In summary, a PET fabric with diversiform antimicrobial
abilities was prepared using the cationic polymer PEI and
stereochemical borneol based on an “integrated attack and
defense” strategy. The dual coordination between borneol and
PEI endowed PET fabric with a high bactericidal effect, good
antifungal performance, and acceptable biocompatibility. The
results of two simple models for practical applications showed
that the fabric had great potential for applications in food
storage and in preventing wound infection and promoting
wound healing. In particular, the introduction of the
stereochemical borneol not only effectively compensated for
the lack of antifungal ability of the traditional cationic PEI but
also improved the biocompatibility of the final finished
materials. Besides, the bactericidal properties of conventional
cations were maintained and did not change or disappear as a
result. In other words, the traditional cationic PEI also
endowed the bactericidal ability which the stereochemical
antimicrobial strategy lacked. Therefore, it is optimistic to
anticipate that the dual coordination between stereochemical
components and traditional antimicrobial components such as
quaternary ammonium salts, zwitterionic compounds, poly-
ethylene glycols, and nanoparticles will also be a win—win
outcome.
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