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ABSTRACT: Microbial contamination on polyethylene terephthalate
(PET) negatively affects human health. Thus, there is still a challenge
endowing PET with nonleaching antimicrobial performance. Here,
menthoxytriazine was inserted into the backbone of PET, named
PEMT, through polycondensation between ethylene glycol (EG) with
2-menthol-4,6-aminobenzoic-1,3,5-triazine (DPMT). The antimicrobial
adhesion performances of PEMT were evaluated by antibacterial
adhesion test and antifungal landing test. The antibacterial adhesion
test indicated that the PEMT possessed better antibacterial adhesion
capability than raw PET, achieving 93.3% and 88.3% resistance against
Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-
positive). An antifungal landing test exhibited that PEMT had better
resistance to Aspergillus niger (fungi) contamination compared to PET.
Zone of inhibition, water contact angle, and BacLight live/dead
fluorescent experiments were used for a deeper analysis, illustrating that the stereochemical structure of menthoxy group played
a key role in the antimicrobial adhesion mechanism. In addition, the results of MTT assay illustrated the PEMT was a noncytotoxic
material. This work presents an effective strategy for the antimicrobial adhesion modification of PET.
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1. INTRODUCTION promotes the development in the field of antimicrobial
materials.'#'®> This strategy limits the spread of microbial
(bacteria and fungi) mainly because of the unique stereo-
chemical structure of chiral molecules."®™"® Focusing on the
single-cyclic monoterpene with a stereochemical feature of
borneol, a series of modified materials and polymer that
control microbial adhesion have been reported."”™>" For
example, Wang et al. synthesized diblock copolymers from
dopamine and borneol by RAFT polymerization.”* The
resulting polymer coatings exhibited efficient antibacterial
properties. Besides, Wu et al. introduced borneol groups into
polyurethanes via poly addition. The antimicrobial adhesion
properties of the modified polyurethanes were significantly
improved due to the introduction of the borneol groups.”®
Recently, menthol has been used as a promising candidate for
stereochemical antimicrobial materials because of its unique
monocyclic molecular structure. Menthol is a natural plant
extract with good antibacterial and fungal abilities from a wide
range of sources.”” The relatively small spatial site resistance of
menthol compared to the large cage-like structure of borneol

Polyethylene terephthalate (PET), as a polymer with low cost
and excellent performance, has been widely applied in medical
textiles and medical devices.' > However, due to poor
antimicrobial properties, the surface of PET is susceptible to
microbial contamination, which can easily lead to serious
nosocomial cross-infection.””> With the increasing demand of
human healthcare, the antimicrobial modification of PET has
become a popular research topic in the field of polymers.

Until now, various substances with bactericidal activity,
including quaternary ammonium salts (QAS),°™® metal
nanoparticlesg_11 and N-halamine,'*"® were introduced into
PET to endow it with a strong antimicrobial performance by
compounding, grafting, and other methods. For example, Wei
et al. used PEG and silver nanoparticles to modify PET with a
microporous structure by a composite method, and doping 1%
content of silver nanoparticles gave the PET film a good
antibacterial ability."" Wu et al. compounded two multi-
hydroxyl N-halamine precursors with PET by melt blending.
After the chlorination reaction, the surface of PET was
endowed with strong bactericidal ability."> These studies
provide ideas and references for the antimicrobial modification
of PET, so it is feasible to introduce antimicrobial units to
modify PET.

In recent years, a concept of stereochemistry for
antimicrobial adhesion has been proposed on the basis of
the “chiral taste” of microorganisms, which significantly
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Scheme 1. Preparation Route of PEMT“
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?(A) Functionalized modification of PET using menthoxytriazine. (B) Preparation roadmap of PEMT from menthol.

makes it easier to be modified to yield various menthol-derived
compounds. Menthol is rarely used directly to modify PET
because menthol sublimates rapidly under room temperature, a
property that may cause PET to fail to achieve good
antimicrobial performance.’® Therefore, the insertion of
menthol molecules into the polymer may be a good way to
solve this problem. Triazine is a low-cost commercial available
compound that readily reacts chemically with hydroxyl and
amino groups because of the highly reactive chlorine atom on
its ring.”' > This property of triazine makes it suitable as a
carrier for polymer synthesis.””*® Li et al. successfully
synthesized polyamides containing a triazine structure and
exhibited good inhibition of fungal spores.”® Therefore, it is
promising that antimicrobial PET can be prepared by using
menthoxytriazine derivatives as diacid units.

Herein, a modified strategy by inserting antiadhesive units
into the backbone of PET was proposed. As shown in Scheme
1A, an antimicrobial modified PET, named PEMT, was
prepared. The menthoxytriazine groups were inserted into
the backbone of PET via polycondensation between ethylene
glycol (EG) with 2-menthol-4,6-aminobenzoic-1,3,5-triazine
(DPMT) (Scheme 1B for synthesis details). The Escherichia
coli (E. coli, Gram-negative), Staphylococcus aureus (S. aureus,
Gram-positive), and Aspergillus niger (A. niger, fungi) were
employed to challenge the PEMT with an antibacterial
adhesion test and the antifungal landing test, respectively.
Zone of inhibition, water contact angle (CA), and BacLight
live/dead fluorescent experiments were employed to further
illustrate the antimicrobial mechanism. Furthermore, MTT
assay was performed to demonstrate the cytotoxicity of PEMT.

2. EXPERIMENT

2.1. Materials. PET was supplied by Dongguan Hon-
gcheng Plastic Chemical Co. (Guangdong, China). 2,4,6-
Trimethyl-pyridine (99.5%), 4-aminobenzoic (PABA, 99.0%),
ethylene glycol (EG, 99.0%), and r-menthol (Men, 99.5%)
were all purchased from Shanghai Aladdin Biochemical

Technology Co., Ltd. Pyridine (Py, 99.0%), diisopropylcarbo-
diimide (DIC, 98.7%), and 1,3,5-triazine (99.0%) was
purchased from Beijing J&K Scientific Co., Ltd. 4-
(Dimethylamino)pyridinium-4-toluenesulfonate (DPTS) was
prepared according to the method in the published literature.””
All the solvents were of analytical grade. Escherichia coli (E. coli,
ATCC 25922), Staphylococcus aureus (S. aureus, ATCC
25923), and Aspergillus niger (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/PUMC, Beijing,
China.

2.2, Preparation of 2-Menthol-1,3,5-Triazine (DCMT).
DCMT was synthesized on the basis of the literature
previously reported.”’ 1-Menthol (9.4 g) was completely
dissolved in a solution of 20 mL of dichloromethane
(DCM). 1,3,5-Triazine (5.5 g) and 4 mL of 2,4,6-trimethyl-
pyridin were added into the mixed solution system. The
reaction was stirred under an ice water bath for 12 h. The
mixture was then washed four times with a large amount of
deionized water (DI). The lower DCM layer was filtered, and
then, the solvent was concentrated by spin evaporation. Finally,
the resulting concentrated solution was purified by silica gel
column chromatography (200—300 mesh, Qingdao Ocean
Chemical Co.; the eluent was petroleum ether/DCM = S:1).
The final yield of the product was 80.0%.

2.3. Preparation of 2-Menthol-4,6-PABA-1,3,5-Tria-
zine (DPMT). 1.8 g of DCMT, 4.1 g of PABA, and 0.2 g of
pyridine were dissolved in a solution of 20 mL of N,N-
dimethylformamide (DMF). The reaction system was
maintained at 120 °C for 6 h. After the reaction temperature
dropped to 25 °C, the pH of the mixed solution was adjusted
to 3.0 using 10% hydrochloric acid solution, and then, the
production was obtained by filtration and drying at 60 °C. The
final yield was 70.0%.

2.4. Preparation of PEMT. The polymerization of PEMT
was carried out by room temperature polymerization on the
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Scheme 2. (A) Mechanisms of Microbially Antiadhesive Effect of PEMT. (B) CA of PET and PEMT. (C) ZOI Test of PET and
PEMT against E. coli and S. aureus. (D) BacLight Live/Dead Fluorescent Assay of E. coli and S. aureus after 24 h of Contact
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basis of literature previously reported.”” Under nitrogen
protection, 5.0 g of DPMT, 3.3 g of EG, 0.3 g of DPTS, and
10 mL of DCM were added to the reaction flask, and the
mixture was stirred until completely dissolved. Fifteen

milliliters of DIC was slowly injected into the reaction flask
under an ice water bath. After 0.5 h, the temperature was raised
to room temperature and the reaction continued for 96 h.
Finally, the resulting viscous polymer was completely dissolved
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in DCM solution and precipitated in methanol while stirring,
and the above process was repeated three times to remove
unreacted monomers and catalysts. The settled product was
dried in a vacuum oven. The final product yield was 65.0%

2.5. Characterization and Measurements. Fourier
transform infrared (FTIR) spectra were recorded on a Nicolet
Avatar-360 spectrometer in the range 3800—500 cm™'. 'H
NMR spectra were determined by a Bruker AV-500
spectrometer at 400 MHz using DMSO as deuterated solvents.
The molecular mass of polymers was tested by gel permeation
chromatography (GPC) with an Agilent instrument (Model
1100). Material surface wettability was measured by a CA-
XP150 measuring instrument.

2.6. Bacterial Antiadhesion Assays. According to
previous regoﬂs, a visual antibacterial spreading test was first
performed.”® PEMT was pressed into a regular circular sheet
with a diameter of 13 mm and a thickness of 0.75 mm. A
“sandwich structure” was utilized to enable the visualization of
antibacterial adhesion evaluation (Scheme 2A). The bottom
layer was TSA medium (thickness = S mm, diameter = 90
mm), the middle layer was round material (thickness = 0.75
mm, diameter = 13 mm), and the top layer was TSA medium
(thickness = S mm, diameter = 4 mm). A preprepared 2 uL
suspension of E. coli or S. aureus at a concentration of 10° CFU
mL™" was dropped on the topmost “isolated TSA island”, and
the plates were then placed in a bacterial incubator at 37 °C.
Bacterial growth was recorded with a digital camera every 24 h.
Pure PET was used as a control.

In addition, a quantitative test based on previous reports was
also used to assess the antibacterial adhesion properties of
PEMT.”* Both sides of PEMT were irradiated with UV for 15
min. Next, the PEMT sheets were completely submerged in 1
mL of bacterial suspension at a concentration of 10° CFU
mL™". After 24 h, PEMT was gently rinsed three times with DI
water to avoid the influence of bacteria floating on the surface
of the material on the results. Then, PEMT was submerged in
2 mL of PBS solution and ultrasonicated for 10 min with a
power of 50 W to ensure that the bacteria adhering to the
surface of PEMT were dispersed in the solution. Then, 100 uL
of the diluted bacterial dispersion was taken to be evenly
coated on TSA medium and subsequently incubated in a
bacterial incubator at 37 °C for 24 h. Bacterial growth was
recorded using a digital camera. Colony-forming units (CFUs)
were calculated, and the following equation was used to
calculate the rate of antibacterial adhesion of the material:

antibacterial adhesion rate (%) = (A — B)/A X 100

where A and B are the CFUs of pure PET and PEMT,
respectively.

In addition, PEMT was subjected to five “contact-
sterilization-recontact” cycles to test its reproducible anti-
microbial adhesion performance. Pure PET was used as a
control.

2.7. Fungal Repelling Assays. The antifungal properties
of PEMT were studied by “antifungal landing test” according
to previously reported method.”” PEMT was pressed into a
regular circular sheet with a diameter of 13 mm and a thickness
of 0.75 mm. A preprepared suspension of 2 uL of A. niger
suspension at a concentration of 10° CFU mL™" was added to
the center of the wort medium. Next, PEMT was placed
approximately 15 mm from the center. Plates were placed in a
fungal incubator at 30 °C. The growth of A. niger in the plates
was recorded every 24 h using a digital camera. The antifungal

properties of PEMT were quantified by measuring the area of
fungal colonization using an Image] software package. Pure
PET was used as a control.

2.8. Zone of Inhibition (ZOl) Experiment. A ZOI
experiment was used to test whether the material is sterilized
by releasing small molecule. Bacterial suspension (100 uL)
with a concentration of 10° CFU mL™" was dropped onto the
TSA medium; then, the bacterial suspension was spread evenly
with a spreader. PEMT was placed on the center of the
medium, and the plates were incubated at a constant
temperature of 37 °C for 24 h. Whether there was a ZOI
was recorded by the digital camera.

2.9. Baclight Live/Dead Fluorescent Assay. The
BacLight live/dead fluorescent staining method was chosen
to investigate whether PEMT caused a reduction in colony
count by contact sterilization. Twenty microliters of
suspension of E. coli or S. aureus with a concentration of 10°
CFU mL™" was dropped on the surface of PEMT, and the PE
film was gently placed over the material to ensure adequate
contact between the suspension and the material. After the
material was kept at 4 °C for 24 h, PEMT (including PE film
and bacterial suspension) was submerged in 1 mL of PBS
solution and the solution was sonicated for 10 min with a
power of S0 W to ensure that all bacteria were dispersed in the
solution. One microliter of 3.3 mM SYTO9 and 1 uL of 30.0
mM PI were added to the above bacterial suspension. The
mixture was held in the dark in an incubator at 37 °C for 20
min and then washed with saline and centrifuged. One
hundred microliters of the stained bacterial suspension was
dropped onto a confocal dish. The staining was then observed
with a confocal microscope. A commercial AgNPs/PET was
selected as a positive control for fluorescent staining. Bacteria
on the different samples were quantified by Image] (version
1.8.0).

2.10. Cytotoxicity Assays. MTT cytocompatibility assay
was used to verify whether PEMT was cytotoxic. It was first
thoroughly sterilized by UV irradiation of 0.2 g of PET or
PEMT for 30 min. Afterward, the material was soaked in 2 mL
of 1640 medium for 24 h to obtain the infusion solution. Then,
10% FBS, 100 units mL™' penicillin, and 100 ug mL™'
streptomycin were added to the extract to configure the
complete cell culture medium. L929 mouse fibroblasts were
inoculated in the above medium and the culture dishes were
placed in a cell culture incubator at 37 °C for 48 h. Finally, the
cells were stained with a MTT assay kit, and cell viability was
determined using a UV spectrophotometer. The relative
growth rate (RGR) of the cells was calculated using the
following equation:

RGR (%) = Abs49053mple/Abs490control x 100

where Abs,g mple a0d AbS490 conrol epresent the absorbance at
490 nm of the sample and control groups, respectively.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of PEMT.
PEMT was prepared by a three-step process (Scheme 1B).
To produce a polymerizable diacid monomer, DCMT was first
synthesized by the substitution reaction occurring between
1,3,5-triazine and L-menthol. Then, polymerizable diacid
monomer (DPMT) was synthesized by the nucleophilic
substation of DCMT and PABA. Finally, polymer was
synthesized by the room temperature polycondensation
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Figure 1. (A) FTIR spectra of Men, DCMT, DPMT, and PEMT. (B) 'H NMR spectra of Men, DCMT, DPMT, and PEMT.
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Figure 2. (A) Schematic diagram of antibacterial spreading test. (B) Photographs of agar plates of E. coli in the PET and PEMT groups within 72 h.
(C) Photographs of agar plates of S. aureus in the PET and PEMT groups within 72 h. (D) Result of plate count of PET and PEMT against E. coli
and S. aureus. (E) Antibacterial adhesion rate of PET and PEMT against E. coli and S. aureus.

strategy. FTIR were first performed in order to determine the
composition of the PEMT polymer.

In the FTIR spectra, the broad adsorption band at 3300
cm™" corresponds to the stretching vibration of the hydroxyl
group of menthol (Figure 1A, black). After the one-
substitution reaction with triazine, the hydroxyl peak at 3300
cm™' disappeared and a new absorption peak appeared
centered at 1500 cm™', which represented the stretching
vibrations of vibration of the triazine group on DCMT. When
the other two chlorine atoms on the triazine were replaced by
PABA, the broad peak at 3330 cm™" represents the O—H and
N—H stretching absorption (Figure 1A, blue). In addition, the
new peaks at 1678 and 1310 cm™ indicated the presence of
the carboxyl ester group. The new absorption peak at 1510

cm ™! was assigned to the hydroxyl group of carboxylic acid. In
the FTIR spectrum of PEMT (Figure 1A, green), the
absorption peaks at 1678 and 1510 cm™' representing the
ester and hydroxyl groups of the carboxylic acid disappeared,
respectively. A new absorption peak at 1718 cm™ can be
assigned to the ester functional group of the polyester.

In addition, 'H NMR was used in order to further identify
the chemical structures of monomers and polymer. In the 'H
NMR spectra of DCMT (Figure 1B, red), compared with
those of Men (Figure 1A, black), the resonance signal of the
hydroxyl group at 4.20 ppm completely disappeared, indicating
that the hydroxyl group on menthol was successfully
substituted. In terms of DPMT (Figure 1B, blue), the newly
appearing signal peaks at 7.98, 10.00, and 12.30 ppm
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Figure 3. (A) Schematic illustration of “antifungal landing test”. (B) Photographs of the growth of A. niger in the PET and PEMT groups within 72
h. (C) Micrographs of PET and PEMT surfaces at day 7. (D) Quantification of fungal colonization areas on PET and PEMT surfaces.

represented resonances of protons of aromatic, imino, and
carboxylic acid groups, respectively. In the "H NMR spectrum
of PEMT, the signal peak at 7.98 ppm represented the proton
of methylene (Figure 1B, green). The signal peak representing
the carboxylic acid proton disappeared at 12.30 ppm,
indicating that esterified dehydration occurred between
DPMT and EG. Polymer had a high molecular weight (Mw
= 1.12 X 10* g mol™") and a narrow distribution of relative
molecular masses (PDI = 1.02) (Table S1). The content of the
menthoxy block in the PEMT was 28.16%.

3.2. Bacterial Antiadhesion Assays. The antibacterial
adhesion activity of PEMT was tested by an antibacterial
spreading test first (Figure 2A). It could be found that the
growth of E. coli broke the limit of PET, and the bacterial ring
could be observed clearly after 36 h, indicating that PET did
not have any inhibiting ability on the growth and spread of E.
coli. On the contrary, the E. coli in PEMT group did not break
the limit until 72 h, leading to the appearance of bacterial ring
(Figure 2B). Similar to the results of E. coli, S. aureus broke the
restriction of PET after 36 h, while PEMT was not broken.
The inhibition of S. aureus growth by PEMT was maintained
for 72 h (Figure 2C). Thus, PEMT showed better capability of
inhibiting the spread of E. coli and S. aureus, compared to the
PET. The antibacterial adhesion properties of PEMT were also
studied quantitatively by a live bacteria count. The results of
live bacterial counts showed that the colony counts of PET
were much larger than those of PEMT for both E. coli and S.
aureus (Figure 2D), which indicated that PEMT possessed
better adherence against bacteria, compared to PET. In
addition, the antibacterial adhesion rate of PEMT to E. coli
was 93.3%, while that to S. aureus was 88.3% (Figure 2E). The
antiadhesive effect of PEMT against E. coli was better than that
against S. aureus, which may be due to the differences in
antiadhesive performance of chiral terpene molecules like
menthol to bacteria with different structures.”® The results of
repeat antiadhesive test indicated that PEMT was reusable,
since no significant decrease of the antibacterial adhesion rate

was found after five “contact-sterilization-recontact” cycles
(Figure SS).

3.3. Fungal Repelling Assays. The antifungal landing test
was used to evaluate the antifungal properties of PEMT
(Figure 3A). After 3 d of incubation, the growth of A. niger on
the surface of PET and PEMT showed a difference visible to
the naked eye. When A. niger grew to contact with PET, it
chose to continue spreading to the PET surface. In contrast, A.
niger chose to bypass PEMT and continue growing on the
medium. This difference was significantly amplified after 7 d
(Figure 3B). PET was almost completely covered by A. niger
spores, while there was still no growth of A. niger on the surface
of PEMT. The micrographs of PET and PEMT showed that a
high density of fungi covered the surface of PET, while the
surface of PEMT was still clean without any A. niger (Figure
3C). The fungal coverage of the PET surface reached more
than 90.0% after 7 d, while the PEMT surface remained 0%
(Figure 3D). Thus, compared with PET, PEMT had excellent
capability to inhibit the growth of A. niger.

3.4. Analysis of Antiadhesive Mechanisms. The
emergence of superbugs proves that a single-minded approach
to sterilization is not ideal.** Menthol is a monocyclic terpene
molecule that fits into a stereochemical antimicrobial
strategy.”” The PEMT prepared by this strategy showed
antimicrobial properties, due to the unique stereochemical
structure of the menthoxy group. The advantage of this
strategy over the reported antimicrobial strategies is that it can
effectively control the adhesion of external harmful micro-
organisms and is expected to avoid the development of drug
resistance.’’ Bacteria and fungi are living organisms at the
cellular level and are expected to be able to distinguish
between microorganisms with different stereochemical surfaces
on which they have different adhesion and growth behaviors.
Thus, due to the recognition function of microorganism to the
chiral structure of menthoxy, when the microorganism was
close to the material, it would choose to avoid the material and
continue to spread (Scheme 2A).'*"** It is known that the
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wettability of material affects its antimicrobial properties. Thus,
the CA of PET and PEMT were tested. As showed in Scheme
2B, the CA of the two materials were 84.0 + 3.0° and 88.0 +
3.0° indicating that the difference in wettability between
PEMT and PET was negligible. It demonstrated that the
antimicrobial properties of PEMT were not related to the
wettability of the material. At the same time, a ZOI test was
used to confirm the presence of releasing germicide in PEMT
(Scheme 2C). As we can see, there was no inhibition zone
against E. coli and S. aureus. Thus, PEMT was a nonleaching
material. Furthermore, fluorescent staining experiments were
performed to investigate whether PEMT achieves its
antimicrobial effect by killing bacteria (Scheme 2D). After 24
h of contact with the bacterial suspension, the positive control
group could only be observed with red fluorescence of E. coli
or S. aureus, indicating that the bacteria were all killed. On the
contrary, only green fluorescence was observed on PET and
PEMT samples, which indicated that the samples did not have
a bacteria-killing property. In addition, the quantitative data for
both strains also showed no significant difference in the
number of live bacteria between PET and PEMT. It suggested
that PEMT did not achieve its antiadhesion effect by directly
killing bacteria. All the above evidence suggested that the
antiadhesive properties of PEMT were attributed to the
stereochemical structure of the menthol unit.

3.5. MTT Assay. MTT assay was conducted to evaluate the
cytotoxicity of the material (Figure 4). The relative growth
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Figure 4. MTT results for PET and PEMT.

rates (RGRs) of L929 cells for PET and PEMT were both
more than 80.0% (Figure 4). According to the internationally
recognized toxicity rating standard, the cell toxicity of PET and
PEMT was grade 1 (Table S2). Therefore, PEMT was a
noncytotoxic material.

4. CONCLUSION

In summary, PEMT, a PET containing menthoxytriazine, was
prepared by typical polycondensation between DPMT and EG
for the inhibition of microbial adhesion. PEMT possessed
good antimicrobial adhesion properties with antibacterial
adhesion rates of 93.3% and 88.3% against E. coli and S.
aureus, respectively, and effective inhibition of A. niger for 7 d.
The antimicrobial mechanism of PEMT was attributed to
stereochemistry strategy rather than bactericide or wettability.

In addition, PEMT was a noncytotoxic polymer. These results
indicated that PEMT was a promising candidate for
antimicrobial PET. Moreover, the modification strategy of
inserting antimicrobial triazine-derivatives into the PET
backbone is feasible and provides a versatile platform for
designing antimicrobial PET.
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