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ABSTRACT: Antimicrobial modification of poly(ethylene tereph-
thalate) (PET) is effective in preventing the adhesion and growth of
microorganisms on its surface. However, few methods are available
to modify PET directly at its backbone to impart the antimicrobial
effect. Herein, menthoxytriazine-modified PET (PMETM) based
on the stereochemical antimicrobial strategy was reported. This
novel PET was prepared by inserting menthoxytriazine into the
PET backbone. The antibacterial adhesion test and the antifungal
landing test were employed to confirm the antiadhesion ability of
PMETM. PMETM could effectively inhibit the adhesion of bacteria,
with inhibition ratios of 99.9 and 99.7% against Escherichia coli
(Gram-negative) and Bacillus subtilis (Gram-positive), respectively.
In addition, PMETM exhibited excellent resistance to Aspergillus
niger (fungal) contamination for more than 30 days. Cytotoxicity assays indicated that PMETM was a noncytotoxic material. These
results suggested that the insertion of menthoxytriazine in the PET backbone was a promising strategy to confer antimicrobial
properties to PET.
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1. INTRODUCTION

Poly(ethylene terephthalate) (PET) has been used in a wide
range of applications due to its unique properties such as easy
processing, good biocompatibility, and stable physical and
chemical properties.1−4 However, PET-based products often
provide a “hotbed” for the growth of harmful microorganisms
because of their poor antimicrobial properties.5 As human
healthcare awareness has increased, there is great concern
about the range of serious consequences caused by PET
products, such as hospital- and device-associated infections
caused by biofilms formed by pathogenic bacteria on implants
and medical devices.6−10 Therefore, it is urgent to develop new
antimicrobial PET materials.
Much effort has been made to develop antimicrobial PET.

Many studies have demonstrated that organic or inorganic
antimicrobial agents could be introduced into PET by
compounding, coating, or grafting to endow it with good
antimicrobial properties.11−16 Ping et al. prepared a hybrid film
by immobilizing nanosilver on the surface of acrylic grafted
PET.5 Antibacterial experiments showed that this film has
strong and stable bactericidal efficiency against Escherichia coli.
Zhang et al. prepared quaternary ammonium salt and
nanosilver-modified antibacterial PET by electron beam
irradiation, and this modification greatly enhanced the
antibacterial efficiency of PET.14 However, these strategies
may increase the risk of bacterial resistance and cause potential

cellular and environmental toxicity.17−20 Nongrafting strategies
may fail to achieve long-lasting antimicrobial effects due to the
release of antimicrobial substances. In addition, the accumu-
lation of dead bacteria on the surface of the material may not
only reduce bactericidal activity but also cause an immune
response and inflammation, leading to more serious prob-
lems.21−24 Therefore, a new strategy is urgently needed to
introduce the antimicrobial modification of PET.
In recent years, stereochemical strategies have received

special attention because of their safe, nontoxic, nonrelease,
and long-term advantages.25−28 The theoretical basis of this
antibacterial strategy is the selective recognition by micro-
organisms of chiral terpenoid molecules (borneol or
menthol).29−31 The chiral terpenoid molecule-grafted surfaces
and polymers exhibited excellent antimicrobial (bacterial and
fungal) properties.24−27 The related studies have shown that
the antimicrobial adhesion performance based on stereo-
chemistry is closely related to the number of grafted chiral
molecules,32,33 indicating that the increase of the modification
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density of stereochemical terpene molecules will help to
improve the antimicrobial adhesion properties of modified
PET. Menthol is a typical terpenoid molecule whose modified
materials have emerged as candidates for antimicrobial
adhesion.34,35 Compared with borneol, menthol is more likely
to produce various derivatives due to its low spatial resistance
and high reactivity.36,37 Therefore, skeleton modification of
PET with the menthol moiety should be an appropriate
method to impart antimicrobial adhesion properties to PET.
Triazine has been used as a suitable carrier for polymer
synthesis because it can be replaced by different amine
nucleophiles to produce triazine derivatives with different
numbers of substitutions, depending on the reaction temper-
ature.38 Based on the above foundation, it would be promising
to design antimicrobial PET by inserting the menthoxytriazine
block into the main chain.
Herein, double menthoxytriazine-modified PET (PMETM)

was reported. As shown in Scheme 1A, double menthoxy
groups were inserted into the PET backbone via the
polymerization of 2-menthol-4,6-ethanolamine-1,3,5-triazine
(DEMT) and 2-menthol-4,6-aminobenzoic-1,3,5-triazine
(DPMT). The antibacterial adhesion test (including the
antibacterial spreading test and the plate counting test) and
the antifungal landing test were employed to investigate the
antiadhesion ability of PMETM against Escherichia coli (Gram-
negative), Bacillus subtilis (Gram-positive), and Aspergillus niger
(fungus), respectively. In addition, the cytotoxicity of PMETM
was also investigated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and the LIVE/DEAD
cell viability assay.

2. EXPERIMENTAL SECTION
2.1. Materials. PET was purchased from Guangdong Chemical

Factory (Guangdong, China). L-Menthol, 2,4,6-trihylpyridine, tereph-
thalic acid (TA), 4-aminobenzoic (PABA), diisopropylcarbodiimide
(DIC), malt extract agar, tryptone soy agar (TSA), and trypticase soy
broth (TSB) were all purchased from Aladdin. Pyridine and
ethanolamine were purchased from Macklin. 1,3,5-Triazine was
purchased from J&K Scientific. 4-(Dimethylamino)pyridinium-4-
toluenesulfonate (DPTS) was prepared according to literature
methods.39 All of the chemicals were used as received without any
purification. All of the solvents were purchased from Tianjin Da Mao
Chemical Reagent Factory. A LIVE/DEAD cell viability assay kit was
obtained from Thermo Fisher Scientific Co. E. coli (ATCC 25922), B.
subtilis (ATCC 9372), A. niger (CICC 41254), were obtained from
the China Center of Industrial Culture Collection. Mouse fibroblast
cells (L929) were obtained from Cell Resource Center, IBMS,
CAMS/PIMC, Beijing, China.

2.2. Synthesis of 2-Menthol-1,3,5-triazine (DCMT). Briefly, L-
menthol (9.36 g, 0.06 mmol) was added to 20 mL of dichloromethane
(DCM) and mixed by magnetic stirrer until dissolved completely.
After adding 1,3,5-triazine (5.53 g, 0.03 mmol) and 2,4,6-trimethyl-
pyridine (4 mL, 0.04 mmol), the mixture was mixed for another 12 h
at 0 °C. Afterward, the mixture was washed three times with
deionized water. Then, the organic phase was filtered and placed on a
rotary evaporator to remove excess DCM. Further purification was
performed by silica gel column chromatography (200−300 mesh,
Sinopharm Chemical Reagent Co., Ltd., China; eluents were
petroleum ether/DCM = 5:1). A white solid was obtained in 80%
yield.

2.3. Synthesis of 2-Menthol-4,6-ethanolamine-1,3,5-tria-
zine (DEMT). In a typical synthesis process, DCMT (1.82 g, 0.006
mmol) was added to 20 mL of 1,2-dichloroethane and mixed by
magnetic stirring until dissolved completely. After adding ethanol-
amine (3.66 g, 0.06 mmol), the mixture was refluxed for 8 h at 80 °C.
Afterward, the mixture was washed three times with deionized water.
Then, the organic phase was filtered and placed on a rotary evaporator

Scheme 1. Synthesis Processes of PMETMa

a(A) Schematic diagram of the PET modification strategy and (B) synthesis processes of PMETM from menthol.
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to remove excess solvent, affording the desired product as a white
powder in 80% yield.
2.4. Synthesis of 2-Menthol-4,6-PABA-1,3,5-triazine

(DPMT). In a typical synthesis process, DCMT (1.82 g, 0.006 mol)
was added to 20 mL of dimethylformamide (DMF) and mixed by
magnetic stirring until dissolved completely. After adding PABA (4.11
g, 0.03 mol) and pyridine (0.23 g, 0.003 mol) slowly, the mixture was
refluxed for 6 h at 150 °C. After the temperature decreased to room
temperature, the mixture was washed three times with hot deionized
water. Afterward, the mixture was acidified with diluted hydrochloric
acid solution to pH = 3, and a light yellow powder was obtained by
pumping, filtration, and drying under vacuum in 70% yield.
2.5. Synthesis of PMETM. In a typical experiment, DEMT (0.50

g, 2 mmol), DPMT (0.50 g, 2 mmol), and DPTS (0.003 g, 0.5 mmol)
were charged into a N2-filled reaction flask. DCM (2 mL) was then
added and stirred until the monomer was dissolved in the solvent.
Next, DIC (1.5 mL, 1.5 mmol) was added to the reaction in an ice
water bath. The temperature was maintained at 0 °C for 1.5 h, the ice
water bath was removed, and the mixture continued to react for 24 h
at room temperature. Afterward, the crude product was dissolved in a
minimum of DCM and precipitated in cold methanol. The final
product was obtained after vacuum drying at 60 °C as a yellow
powder in 75% yield.
2.6. Characterization. 1H NMR spectra of the monomers and

polyester were recorded on a Bruker AV-500 spectrometer using
dimethyl sulfoxide (DMSO) as a solvent and tetramethylsilane
(TMS) as the internal reference. Fourier transform infrared (FTIR)
spectra of the polymer were recorded on a Nicolet Avatar-360 using
KBr pellets. Gel permeation chromatography (GPC) measurements
were carried out with an Agilent instrument (model 1100). Water was
used as the eluent at a flow rate of 1 mL/min, and the column oven
was set at 25 °C.
2.7. Bacterial Antiadhesion Assays. According to the

previously reported method, the bacterial antiadhesion assays of
menthol-derived polyester were studied by the antibacterial spreading
test.40 PMETM powder was pressed into regular pellets (diameter =
13 mm, thickness = 0.75 mm), and PET pellets were used as a control
for the same test. Two pellets were placed on beef extract peptone
medium, and then two small round aseptic media were placed on the
discs to form a sandwich structure. Then, 2 μL of E. coli or B. subtilis
suspension prepared in advance (the detailed preparation method can
be referred to the literature40) was dropped on each of the small
round media and cultured at 37 °C. The experimental phenomena
were recorded by taking photographs at intervals.
Classical plate count assays and optical density (OD) tests were

used to quantitatively assess the antibacterial adhesion properties of
PMETM with slight modifications based on previous reports.33

Sterilized PMETM sheets were first immersed in 1 mL of E. coli or B.

subtilis suspension (106 CFU/mL) for 24 h. Then, the material was
gently rinsed three times with sterile water to remove the floating
bacteria from the surface. Next, the material was submerged in 2 mL
of sterile saline and sonicated using an ultrasonic cleaner (50 W, 10
min) to disperse the bacteria strongly adhering to the surface of the
material in saline. Then, 0.1 mL of the dilution was applied to TSA
medium and incubated at 37 °C for 24 h. The results of bacterial
growth were recorded with a camera. The antibacterial adhesion rate
of PMETM compared to PET was calculated using the following
equation

= − ×A B Aantibacterial adhesion rate (%) ( )/ 100

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

For OD testing, after a gentle rinsing step, PMETM sheets were
placed in 50 mL of sterile liquid Luria−Bertani (LB) medium and
incubated at 37 °C with shaking (200 rpm). The growth curves of E.
coli or B. subtilis were obtained by monitoring the change in OD at
600 nm at different intervals (3, 6, 9, 12, 15, 18, 21, 24, and 27 h).

2.8. Fungal Antiadhesion Assays. According to the previously
reported method, the antifungal behavior of PMETM was investigated
by the fungal landing test.41 PMETM powder was pressed into regular
pellets (diameter = 13 mm, thickness = 0.75 mm), and PET pellets
were used as a control for the same test. The material was
immobilized separately on the surface of wort agar medium. Then,
10 μL of the pre-prepared black fungal suspension (detailed
preparation can be found in the literature41) was dropped into the
center of the plate with a distance of about 15 mm from the pellets.
Finally, the medium was placed in a fungal incubator at 30 °C, and
photographs were taken at regular intervals to record the experimental
phenomena.

2.9. Cytotoxicity Evaluation. The cytotoxicity of PMETM was
evaluated with L929 mouse fibroblasts. Briefly, 0.2 g of PET or
PMETM was sterilized under ultraviolet light and immersed in 2 mL
of 1640 medium for 24 h. The extract was used as a complete cell
medium after the addition of 10% fetal bovine serum (FBS), 100
units/mL penicillin, and 100 μg/mL streptomycin. L929 mouse
fibroblast cells were cultured in the conditioned medium at 37 °C in a
humidified environment of 95% air and 5% CO2. After 48 h of
incubation, cell viability was determined by the MTT assay kit. The
relative growth rate (RGR) of the cells was calculated by RGR (%) =
Abs490 sample/Abs490 control × 100, where Abs490 sample and Abs490
control are the absorbance of the samples and the reference at 490
nm, respectively.

In addition, the LIVE/DEAD cell viability assay was also used to
observe the viability of the cells after treatment with polymeric
extracts. After 48 h of incubation, the cells were washed twice with
PBS. Under light-proof conditions, 50 μL of LIVE/DEAD staining

Figure 1. Characterization of DPMT, DEMT, and PMETM: (A) FTIR spectra. (B) 1H NMR spectra.
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solution was added to each well and kept for 15 min. Next, the cells
were carefully rinsed twice with PBS to wash away the unbound dye.
Finally, fluorescence images were taken under a fluorescence
microscope.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Monomers and Poly-
ester. The FTIR spectra of DEMT, DPMT, and PMETM are
shown in Figure 1A. In terms of DEMT, absorption bands
corresponding to the O-H and N-H stretching absorption and
the −CH3 stretching vibration of menthol (Figure 1A, black)
could be observed at 3350 and 2953 cm−1, respectively.
Meanwhile, the absorption peak on behalf of the TCT (−C
N−) group was assigned at 1521 cm−1. In terms of DPMT
(Figure 1A, red), the absorption band corresponding to O-H
and N-H stretching absorption could be observed at 3330
cm−1. In addition, peaks at 1685 and 1310 cm−1 were assigned
to the −CO stretching vibration peak and the −C-O
stretching vibration peak of the carboxyl group. The absorption
peak at 1510 cm−1 was assigned to the O-H of carboxylic acid.
In the FTIR spectra of PMETM (Figure 1A, blue), the
presence of the ester functional group in polyester could be
observed at 1718 cm−1.
To further determine if the target polymer was successfully

prepared, 1H NMR spectrum was used to detect the
characteristic functional groups of the polymer. Figure 1B
displays the 1H NMR spectra of DEMT, DPMT, and
PMETM. In the 1H NMR spectra of DEMT (Figure 1B,
black), the distinct signals of aromatic protons of menthol
appeared at δ = 0.70−2.08 ppm. The signals of peaks at 7.01
and 6.88 ppm correspond to the protons on the imino group,
and the signals of peaks at 4.83, 3.46, and 3.33 ppm represent

the protons of the hydroxyl group, methylene group adjacent
to the hydroxyl group, and imino group, respectively. In terms
of DPMT (Figure 1B, red), the resonance of aromatic protons
appeared at 7.98 ppm, and the signals observed at 10.0 ppm
were the protons of the imino group. The protons of the
carboxylic acid group appeared at 12.3 ppm. In the 1H NMR
spectrum of PMETM (Figure 1B, blue), compared to DCMT
and DPMT, the signals of the peak related to the hydroxyl
group at 4.83 ppm and the carboxylic acid group at 12.3 ppm
disappeared indicated that the esterification reaction between
DEMT and DPMT took place.
The molecular weight and polydispersity index (PDI) of

PMETM were determined by GPC (Table S1). The molecular
weight of PMETM was 12 480 g/mol and the PDI value was
1.20, indicating the high molecular weight and the narrow
distribution of the relative molecular mass of the polymer. This
evidence proved that the required PMETM was synthesized
successfully.

3.2. Bacterial Antiadhesion Assays. The antibacterial
adhesion properties of PMETM were evaluated by the
antibacterial spreading test and plate count experiments. The
model for the visualized antibacterial spreading experiment is
shown in Figure 2A. Figure 2B shows the evaluation of PET
and PMETM for antiadhesion of Gram-negative E. coli. As
shown in Figure 2B, within the first 24 h, E. coli managed to
break the limits of PET and spread outward. Compared to
PET, PMETM had a great restriction on the spread of E. coli,
and after 120 h, E. coli could not break the restriction.
Therefore, PMETM possesses an excellent ability to inhibit the
growth of E. coli. In addition to this, Gram-positive B. subtilis
was also used as a model bacterium to challenge PMETM to
further assess the antibacterial ability of the material. As shown

Figure 2. Antibacterial spreading test of PMETM. (A) Schematic illustration of the antibacterial spreading test model. (B) Digital photographs of
the antiadhesion effects of PET and PMETM against E. coli for the indicated time. (C) Digital photographs of the antiadhesion effects of PET and
PMETM against B.subtilis for the indicated time.
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in Figure 2C, after 24 h, B. subtilis broke through the PET
material. A distinct bacterial ring could be observed on the
surface of the medium. By contrast, PMETM was not broken
until 120 h, indicating that PMETM effectively inhibited the
growth of B. subtilis. As a result, PMETM has excellent
capability against bacterial growth.
Further, the antiadhesive capacity of PMETM was quantified

by the classical plate counting method. As shown in Figure 3A,
after 24 h of contact with the bacterial suspension, the number
of adherent E. coli colonies on PET was 780 units, while the
number of adherent E. coli colonies on PMETM was 0 units.
The number of B. subtilis colonies adhered to PET (580 units)
was nearly 300 times higher than that of PMETM (2 units). In
addition, the antibacterial adhesion rates of PMETM against E.
coli and B. subtilis were 99.9 and 99.7%, respectively (Figure
3B), indicating that PMETM has excellent resistance to Gram-
negative E. coli and Gram-positive B. subtilis. The optical
density (OD) test was used to verify the above results. Figure
3C,D shows the OD test results obtained by incubating the
bacteria adhering to the material surface in liquid medium for
27 h continuously. As shown in Figure 3C, after 6 h of
incubation, the OD values of E. coli in the PET group began to
show an increasing trend, indicating that E. coli began to enter
the logarithmic growth phase. After 21 h of incubation, the OD
of the bacterial suspension of the PET group reached the
highest value and started to remain constant thereafter,
indicating that E. coli entered a stable phase at this time. On
the contrary, the OD of the PET group remained almost
unchanged during the whole incubation process, indicating
that there was almost no E. coli in the culture medium. After 21

h of incubation, the liquid medium of the PET group was able
to be visualized showing a cloudy bacterial suspension (inset of
Figure 3C), while the liquid medium of the PMETM group
became suddenly transparent. This indicates that the E. coli
adhering to the surface of the PET material far exceeded those
adhering to the PMETM. As shown in Figure 3D, after 9 h of
incubation, the OD value of B. subtilis in the PET group started
to show an increasing trend, indicating that B. subtilis started to
enter the logarithmic growth phase. After 21 h of incubation,
the OD value of bacterial suspensions in the PET group
reached the highest value and began to remain constant
thereafter until 27 h, indicating that B. subtilis entered a stable
phase at this time. By contrast, the OD values of the PMETM
group did not increase significantly after 27 h of incubation.
After 27 h of incubation, the liquid medium of the PET group
was able to show a more turbid suspension of bacteria (inset of
Figure 3D), while the liquid medium of the PMETM group
remained clear. This indicates that less B. subtilis adhered to
PMETM compared to PET.

3.3. Fungal Antiadhesion Assays. The antifungal
adhesion ability of PMETM against A. niger was studied by
the fungal landing test, as illustrated in Figure 4A. A. niger
gradually started to grow and spread from the center. After 4
days, A. niger had gradually started to grow and spread on the
PET surface, while the PMETM surface remained clean. After
30 days of incubation, this difference became more obvious.
Further, a microscope was used to observe the attachment of
spores on the PET and PMETM surfaces at the 30th day
(Figure 4B). Figure 4C shows the morphology of the fungal
cells attached to the above samples after 30 days of incubation.

Figure 3. Quantitative antibacterial adhesion test of PMETM. (A) Plate count experiments of PET and PMETM against E. coli and B. subtilis. (B)
Antibacterial adhesion rate of PET and PMETM against E. coli and B. subtilis. (C) Optical density 600 test results to evaluate the antibacterial
properties of PET and PMETM against E. coli and B. subtilis.
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The attachment of A. niger spores could be clearly seen on the
PET surface, while the PMETM surface did not have any
attachment of A. niger spores. The fungal coverage values of
the surfaces of PET and PMETM were 95 and 0%, respectively
(Figure 4D). In other words, PMETM could effectively
prevent the adhesion and growth of A. niger. As a result,
PMETM had excellent resistance to fungal adhesion and
growth.
3.4. Mechanism of Microbial Antiadhesion. PMETM

exhibited excellent antimicrobial (bacterial and fungal)
adhesion capability through the insertion of menthoxytriazine
in the skeleton of PET. The main reason is stereochemical
modification of the polymer backbone using the menthoxy
group, where the triazine group supplies a bridge. Menthol is a
typical cyclic terpenoid with a stereochemical structure.34

Microorganisms tend to avoid contact or adhesion with such
terpenoid molecule-modified materials.42 Based on the known
reversible adhesion behavior of microorganisms to material
surfaces, microorganisms could sense the stereochemical
structure of menthoxy and respond to it. Microorganisms
choose to avoid contact with the surface of the material. In
other words, microorganisms do not choose to continue
growing on the surface of the material.25,43 Therefore, when

the menthoxytriazine group was inserted into the PET
backbone, the resulting PMETM exhibited good antimicrobial
adhesion ability. Besides, the introduction of triazine groups
enhances the complexity of the spatial structure of the
polymer, which facilitates the exposure of menthoxy groups.
Chemdraw software was used to simulate the spatial structures
of PET and PMETM (Scheme 2A). It is noteworthy that the
spatial structure of PET is a simple linear structure. By
contrast, PMETM exhibits a more complex structure, where
two adjacent menthoxy groups tend to approach each other
because of hydrophobic interactions, forming a large hydro-
phobic cage-like structure. This is also proved by the results of
the contact angle (CA) test (Scheme 2B). The presence of
hydrophobic cage groups and exposure to the surface of the
polymer make PMETM more hydrophobic than PET. In
addition, PMETM did not produce a bacterial inhibition circle
when interacting with E. coli and B. subtilis (Scheme 2C),
indicating that PMETM did not achieve antiadhesive effects on
microorganisms by releasing small molecules. All of the above
illustrates that the antiadhesion of PMETM is achieved by the
unique stereochemical structure of the menthoxy group.

3.5. Cytotoxicity Assays. Cytotoxicity is one of the most
important evaluation criteria for the biocompatibility of

Figure 4. Fungal antiadhesion capability of PMETM. (A) Schematic illustration of the fungal landing test. (B) Digital photographs of the
antiadhesion effects of PET and PMETM for the indicated days. (C) Enlarged images and micrographs of the antiadhesion effects of PET and
PMETM at the 30th day. (D) Fungal colonized areas (%) of PET and PMETM.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.1c01448
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c01448?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c01448?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c01448?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c01448?fig=fig4&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.1c01448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


antimicrobial materials. Therefore, the MTT assay was used to
confirm the cytotoxicity of PMETM. The relative growth rates
(RGRs) of PET and PMETM on L929 cells are shown in
Figure 5A. After 48 h of incubation, the RGRs of PET and
PMETM were 93.0 ± 9.6 and 93.5 ± 6.5%, respectively.
According to the standard toxicity rating, the cytotoxicity of
PMETM was in grade 1. Fluorescence microscopy imaging was
used to further confirm cell viability. Figure 5B shows the

image of L929 cells observed under green and red filters after
double staining with calcein AM and ethylenediamine
homodimer. Green spots indicated living cells, while red
spots represented dead cells with damaged membranes. As can
be seen from the image, L929 cells in both PET and PMETM
groups exhibited high viability. Thus, PMETM is an
antimicrobial material without cytotoxicity.

Scheme 2. Schematic Representation of the Microbially Antiadhesive Effecta

a(A) Antimicrobial adhesion mechanism of PMETM. (B) Contact angles of PET and PMETM. (C) Inhibition zone test of PMETM against E. coli
and S. aureus.

Figure 5. Cytotoxicity assays of PMETM. (A) MTT results of the relative growth rates (RGR) in L929 cells after 48 h of incubation with the
corresponding PET and PMETM conditioned medium. (B) Fluorescence microscopy images of L929 cells after treatment with PET and PMETM
after 48 h of incubation.
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4. CONCLUSIONS
In summary, PMETM, a novel antimicrobial PET polymer
containing double menthoxytriazine, was synthesized by
polycondensation between DEMT and DPMT. This polymer
had good antimicrobial adhesion properties with 99.9 and
99.7% antiadhesion rate against E. coli and B. subtilis,
respectively, and resistance to coverage in A. niger within 30
days. The insertion of double menthoxytriazine groups ensured
the inhibition of PMETM against harmful microorganisms. In
addition, PMETM was a noncytotoxic material, making it a
highly promising antiadhesive polymer. Therefore, this strategy
for the antimicrobial modification of PET by inserting
antimicrobial triazine derivatives into the PET backbone was
feasible. Although menthol was used as an antimicrobial unit, it
is clear that other types of small molecules (e.g., quaternary
ammonium salt, N-haloamines, etc.) can also be used to
achieve antimicrobial modification of PET for upgrading using
the same strategy.
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