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ABSTRACT

At present, bacteria continue to threaten human health, and the resistance of bacteria to anti-
biotics continues to increase, so the development of new antibacterial agents and antibacterial
materials is increasingly important to ensure human health. In this paper, three polyether bigua-
nide compounds with high antibacterial properties were synthesized by reacting polyetheramine
T403 with o-tolylbiguanide, m-tolylbiguanide and p-tolylbiguanide (o-TTB, m-TTB and p-TTB),
respectively. The antimicrobial performance of polyether biguanide against E. coli and S. aureus
was evaluated using a minimum inhibitory concentration method, and the results showed that the
synthesized polyether biguanide exhibited efficient and broad-spectrum antimicrobial effects.
Among them, o-tolyl biguanide derivative o-TTB showed the best antimicrobial performance,
with minimum inhibitory concentrations of 20 and 15 pg/mL against E. coli and S. aureus,
respectively. Then, epoxy resin E51 was cured using the obtained TTB as a curing agent to prepare
an epoxy resin with antibacterial properties. The inhibition of the growth of S. aureus by the cured
o-TTB/E51 resin was investigated by incubating the cured epoxy resin with bacteria, and the results
showed that the cured resin had a significant inhibitory effect on the growth of bacteria. The non-
isothermal curing kinetics of the o-TTB/E51 system were investigated by differential scanning
calorimetry (DSC) to determine the optimized curing reaction temperature, curing kinetic para-
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meters and curing kinetics equation.

Introduction

Infection of humans, animals and plants with harmful
bacteria can lead to illnesses and serious damage to
human health, while pathogenic bacteria are ubiquitous
in nature, they spread widely and survive under mild
conditions, making it challenging to eliminate them [1-
3]. Some highly toxic pathogens that spread in medical
institutions and public places can also form biofilms.
Biofilms allow microorganisms to be embedded in the
membrane network structure to provide protection for
the microbial population and hinder the penetration of
most antibiotics. Biofilms can also produce extracellular
polymers to protect the biofilm, which stabilizes the film
matrix over time [4]. The adhesion of microorganisms to
biological materials on medical devices and the subse-
quent formation of bacterial membranes are the main
reason for infections. In hospitals, many people die every
year due to medical device infections. Not only are they
harmful to human health, but microorganisms can grow
and reproduce, which destroys the structure of material,
causing deterioration, corrosion, damage and other bad

effects, which can lead to significant property loss and
sometimes loss of life [1-5]. With further developments
in society, people continue to pay more attention to
quality of life, and solving the hazards caused by micro-
organisms has become a growing concern. The devel-
opment and use of antibacterial substances have
become more frequent and been applied in various
fields.

Research on cationic antibacterial agents is rapidly
developing. Guanidine compounds can be ionized in
water, thereby inducing positive charges, which then
contact the negatively charged bacteria through electro-
static attraction, destroy the bacterial cell membrane,
and kill the bacteria. This avoids the development of
drug resistance, and the positively charged guanidine
compounds do not interact with neutral human cells, so
they can selectively kill bacteria and exhibit low toxicity
to humans [6-10]. Guanidine functionalized polymers
have been extensively studied, the guanidine group
exists in the polymer main chain or in the side chain,
and these polymers exhibited effective broad-spectrum

CONTACT Yudan Wang @ dqllj2000@163.com; Guan Wang @ wg316@sina.com; Xiao Ouyang @ oyx1028@hrbeu.edu.cn @ Key Laboratory of

Superlight Materials and Surface Technology, Ministry of Education, College of Materials Science and Chemical Engineering, Harbin Engineering University,
Harbin 150001, China

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0002-2423-9222
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15685551.2021.1900025&domain=pdf&date_stamp=2021-03-17

64 R.LIETAL.

antibacterial activities and have great potential in the
fields of antibacterial or antifouling coatings, mem-
branes and so on [11-18].

Antibacterial materials are functional materials that
can kill bacteria or inhibit the growth of bacteria while
maintaining the functionality of the original material.
Due to their special functionality, antibacterial materials
have been used in a wide range of applications, and
development of antibacterial polymers, such as antibac-
terial epoxy resins, polyurethane, and acrylic resin and so
on is of great value in improving human health and
reducing bacterial infections [11-28]. In general, the
antibacterial activity of resin materials is realized by
adding antibacterial agent, such as ZnO, silver or copper
and so on, in the polymer matrix or using metal-chelated
resins [29,30]. However, the leaching of the antibacterial
agent causes decrease in antibacterial activity, in addi-
tion, adding metal is expensive and leaching metal ions
results in the environmental problem. Therefore, devel-
oping non-leaching resin materials in which antibacterial
functional groups are covalently bonded to the matrix is
of great value to conquer these problems.

Epoxy resin (EP) is one of the most important poly-
mers and widely used in coatings, food, medical and
composite materials. They exhibit many advanced prop-
erties such as high strength, excellent adhesion to var-
ious substrates, low shrinkage, ease of cure and good
chemical resistance due to a three-dimensional cross-
linked structure [31-33]. Guanidine compound is one
kind of the commonly used curing agents for epoxy
resin [34-41], meanwhile, it exhibits good antibacterial
properties in many occasions, which inspired us to use
biguanide compounds to prepare epoxy resins with
antibacterial functionality. In addition, the curing pro-
cess of EP clearly influences the mechanical performance
of the cured resin. Kinetic models developed from
kinetic analysis of DSC data have been widely applied
to the curing of epoxy resins. Under the nonisothermal
condition, the Kissinger or Crane equations can be used
to give the activation energy (Ea), reaction order and
Arrhenius pre-exponential factor, and finally the curing
temperature can be calculated by extrapolating method
[34-41].

In this paper, three-branched polyether biguanide
compounds with high antibacterial performance were
synthesized by reacting polyetheramine T403 with
o-tolylbiguanide, m-tolylbiguanide and p-tolylbiguanide
(o-TTB, m-TTB and p-TTB), respectively. Meanwhile,
epoxy resin E51 was cured using the obtained com-
pound as a curing agent to prepare an epoxy resin
with antibacterial properties (TTB/E51). The antimicro-
bial performance of biguanide derivatives against E.
coli and S. aureus was evaluated by the method of

minimum inhibitory concentration, and the influence
of the position of the substituent on the aromatic ring
on the antibacterial performance was investigated. The
growth inhibition of S. aureus by the TTB/E51 curing
compounds was investigated by incubating the cured
epoxy resin with bacteria, and the non-isothermal curing
kinetics of the TTB/E51 compounds were investigated by
differential scanning calorimetry (DSC).

Experimental
Materials

o-, m- and p-Tolyl biguanide and polyetheramine T403
were supplied by Saen Chemical Technology (Shanghai)
Co., Ltd., China. 2, 3, 5-Triphenyltetrazolium chloride
(TTC), magnesium sulfate anhydrous, NaCl, and 2, 2'-
Azobis (2-methylpropionitrile) were purchased from
Tianjin Kemiou Chemical Reagent Co. Ltd. China.
Solvents, agar, beef, PBS buffer, and other solvents
were supplied by Chemical Reagent Co., Ltd., China.
The bacterial strains of Gram-positive S. aureus and
Gram-negative E. coli were provided by Shanghai
Luwei Technology Co., Ltd., China.

Synthesis of polyether biguanide (TTB)

TTB was synthesized according to the previous report by
an optimized method [14-16]. The general synthesis
process is as follows:

2.28 g (0.01 mol) of o-tolyl biguanide hydrochloride
and 1.5 mL (0.003 mol) of polyether amine T403 were
placed in a flask. 50 mL of N, N-dimethyl acetamide
(DMAc) was added as solvent and the reaction was
carried out at 150°C for 24 h. The solution was evapo-
rated to dryness, and a dark brown viscous liquid was
obtained. Then, it was dissolved in water, pH was
adjusted to 10 by using NaOH aq (1 M). The precipitate
after filtration was removed, and the filtrate was col-
lected and evaporated to obtain a yellow viscous liquid
o-tolyl polyether biguanide o-TTB (2.87 g, yield: 88.0%).

m-TTB and p-TTB were synthesized according to the
above steps except that the raw materials of biguanide
were replaced with o-tolyl biguanide and p-tolyl bigua-
nide respectively.

o-TTB: '"H-NMR (400 MHz, DMSO-ds): 7.66 (br, C = NH),
7.15-7.51 (br, Ph-H), 3.1-3.8 (br, CH,,CH and C-NH-C),
2.19 (s, Ph-CH3), 1.26 (br, CH,-CHs), 1.04 (br, O-CH-CHs),
0.77 (s, CHy-CH3). IR (cm™', KBr) 3321 c¢m™' and
3158 ¢cm™' (N-H), 2771 cm™' (CH5), 1563 (N-H),
1661 cm™' (C=N), 1258 cm™' (C-N), 1104 cm™' (C-O-C).

m-TTB: 'H-NMR (400 MHz, DMSO-d): 7.64 (br,
C = NH), 6.87-7.27 (br, Ph-H), 3.1-3.4 (br, CH,,CH and



C-NH-C), 2.22 (s, Ph-CH5), 1.28 (br, CH,-CH5), 1.01 (br,
0-CH-CH3), 0.74 (s, CH5-CH3). IR (cm™', KBr) 3320 cm™
and 3172 cm™' (N-H), 2772 cm™" (CH5), 1563 (N-H),
1655 cm™' (C = N), 1258 cm™" (C-N), 1104 cm™" (C-O-C).

p-TTB: "H-NMR (400 MHz, DMSO-dg): 7.68 (br, C = NH),
7.03-7.24 (br, Ph-H), 3.1-3.4 (br, CH,,CH and C-NH-Q),
2.00 (s, Ph-CHs), 1.28 (br, CH,-CH5), 0.99 (br, O-CH-CHs),
0.67 (s, CHy-CHs). IR (cm™, KBr) 3320 cm™' and
3172 cm™ (N-H), 2772 cm™' (CH;), 1563 (N-H),
1655 cm™' (C = N), 1258 cm™" (C-N), 1104 cm™" (C-O-C).

Characterization

T'H NMR (400 MHz2) spectra were recorded on a JEOL
LEOLEX-400 spectrometer. The surface functional
groups and chemical compositions of the products
were investigated using Fourier transform infrared spec-
troscopy (FT-IR, Nicolet Avatar-330) by the KBr pellet
pressing method. Bacterial growth was investigated by
a microplate reader (Mindray MR-96A).

Minimum inhibitory concentration (MIC) of
samples by TTC colorimetry

TTC (2, 3, 5-triphenyltetrazolium chloride) is a com-
monly used REDOX indicator in biochemical experi-
ments. After contact with live bacteria, TTC is reduced
by enzymes to red TPF (1, 3, 5-tamamidine), which is
used for bacterial staining to detect the survival of
live bacteria. MIC refers to the minimum concentra-
tion of antibacterial agents needed to inhibit the
growth of experimental strains. Gram-positive (S. aur-
eus) and Gram-negative (E. coli) were cultured in
liqguid medium on a logarithmic scale, and the bacter-
ial solution was diluted to a concentration of 10°-10”
CFU/mL. One hundred pL of liquid medium contain-
ing 0.02% TTC was added to each well of the 96-well
plate, and then the compound (100 pL) was added,
followed by two-fold dilution and three parallel
experiments. Finally, 100 pL diluted bacterial solution
was added to each well of the 96-well plate. The
negative (only add the liquid medium without adding
the bacterial solution) and positive blanks (only add
the bacterial solution without adding the test com-
pound) were tested. Finally, the 96-well plates were
placed into a 37°C environment and incubated
(Bacillus subtilis) for 72 hours and 24 hours (other
bacteria), respectively, and the color changes of the
plates were observed. The TTC will show red colora-
tion when exposed to live bacteria, and the concen-
tration without red color is the minimum inhibitory
concentration compared to the control group.
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Evaluation of antibacterial performance of
o-TTB cured E51 epoxy resin

o-TTB/E51 epoxy resin was prepared according to the
following method: a certain amount of biguanide deri-
vative and epoxy resin was mixed well according to the
stoichiometric ratio of active hydrogen/epoxy group 1:1.
It was coated on a Teflon plate with a thickness of about
1 mm and placed in a vacuum drying oven at 60°C for
degassing for 1 h, and then the resin was cured at 120°C
for 2 h and then at 180°C for 1 h in the air. The cured film
was peeled off and then thoroughly washed with etha-
nol in ultrasound. Finally, the film was dried in vacuum at
room temperature.

The cultured S. aureus was diluted with nutrient
broth, and the absorbance at 630 nm (OD630) was mea-
sured with an enzyme-labeled instrument. Then, the
bacterial solution was diluted until its absorbance was
about 0.1. Ten mL of bacteria solution was added into
sterilized test tubes, leaving one as a blank control; 0.5 g
of epoxy resin cured by different concentrations of TTB
was added into the remaining test tubes, then sealed
and incubated in a gas-bath thermostat oscillator at 37°C
at 140 rpm for 0 h, 1 h, 2 h, 4 h, 6 h, and 8 h. The
absorbance of 0.1 mL of the sample was measured at
630 nm using an enzyme-labeled instrument.

Results and discussion
Antibacterial activity of polyether biguanide

The antibacterial activity of o-TTB, m-TTB and p-TTB against
Gram-negative E. coli and Gram-positive S. aureus was
tested using the minimum inhibitory concentration (MIC)
method Figure 1 and 2(Figure 3), and the MIC of each TTB
was determined and compared with the MICs of T403 and
tolylbiguanide as synthetic raw materials (Table 1).

According to (Table 1), both phenyl biguanide and
polyetheramine T403 as raw materials showed weak
antibacterial properties, while the synthesized polyether
biguanide showed excellent antibacterial performance.
The antibacterial effect of TTB on S. aureus was slightly
better than that on E. coli, which might be due to the
thinner cell wall of Gram-positive S. aureus. o-TTB
showed the best antibacterial performance, where the
MICs to E. coli and S. aureus were 20 pg/mL and 15 pg/
mL, respectively. p-TTB showed slight lower antibacterial
performance than o-TTB with MIC values to E. coli and S.
aureus of 39 and 58 pg/mL, respectively. m-TTB's anti-
bacterial performance was relatively low, and the MIC
values to E. coli and S. aureus were 625 pg/mL and
117 pg/mL, respectively. These results indicate that
TTB, especially o-TTB, has a broad spectrum and high
antimicrobial performance.
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Table 1. Average MIC of TTB to E. coli and S. aureus.

MIC (ug/mL)
compound E. coli SE S. aureus SE
o-tolyl biguanide 1458 190 729 95
m-tolyl biguanide 1458 190 1458 190
p-tolyl biguanide 2083 241 1458 190
T403 729 95 677 115
o-TTB 183 152 15 2.04
m-TTB 573 476 130 15.0
p-TTB 45.5 5.9 423 7.10
SE: standard error
HZNJ\/{O\‘/\}O/%\OhOP\NHZ X | JI\JI\H JNI\H
n N
0O n N™ "N” 'NH,
n H H
HoN"©
2 DMAc 150 °C

T403

Chemical shift (ppm)

Figure 2. "H-NMR spectrum of TTB (DMSO-d6, 25°C, 400 MHz).



The antibacterial mechanism of biguanide antibac-
terial agents is generally considered to be a cationic
antibacterial mechanism. Biguanide is a positively
charged cationic group, while the surface of the bac-
teria is negatively charged. The positively charged
biguanide group is easy to adsorb on the surface of
the bacteria through electrostatic interactions,
thereby altering the electrochemical properties of
the membrane surface. At the same time, it
exchanges with cations such as Ca °+ and Mg *+ in
the cell membrane, destroying the homeostasis of
bacteria. Further, due to the thin peptidoglycan
layer between the inner and outer membranes of
the bacteria, the hydrophobic alkyl groups in TTB
penetrate more easily penetrate the cell membrane,
resulting in perforation, leakage of intracellular mate-
rial, and microbial cell death [17,18]. The excellent
antimicrobial properties of TTB may be attributed to
its branched structure. Polyetheramine T403 is a
branched polymer with three -NH2 end groups that
react with phenyl biguanide. Therefore, the synthe-
sized TTB has three phenyl biguanide groups in the
molecular structure (Figure 1Figure 2), which greatly
increase the local density of functional groups and
the number of cationic charges. Compared with free
the cations, this branch structure is more favorable to
the adsorption of cations on the surface of bacteria in
kinetics. Therefore, TTB can more effectively interact
with the negatively charged cell membrane of bac-
teria. TTB has three biguanide groups with a large

[TTB]  ae &P +¥&° 7839 20 10 5 2512
(ug/ml) ¥ Against E.coli

[ et e
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positive charge density, which makes it easier to
interact with negatively charged bacteria, thereby kill-
ing them. At the same time, polyether biguanide has
good water solubility, which also facilitates its contact
with bacteria. This leads to the efficient and broad-
spectrum antibacterial activity of TTB. In addition, the
poorer antibacterial activity of m-TTB was thought to
be caused by the different electron distribution in the
benzene ring. The methyl group at o- or p-position
enhances the electron density on the carbon con-
nected to the biguanide group, which may be con-
ductive to the stability of the positive charge on the
biguanide group and caused the higher antibacterial
activity of o-and p-TTB.

DSC curve analysis

The curing reaction of epoxy resin is a complex chemical
process. The thermal analysis of the epoxy resin curing
process can help to obtain the kinetic data of the curing
process and determine the curing temperature, curing
time, curing rate and other parameters for the theoreti-
cal guidance of the curing study. Among the three types
of TTB, o-TTB exhibits the best antimicrobial perfor-
mance, and guanidine as a raw material can be used as
a curing agent for epoxy resin. Therefore, to prepare
epoxy resin with antimicrobial functionality, the curing
behavior of the TTB/E51 system with o-TTB as a curing
agent has been investigated below.

[TTB] 1;3*\7,‘?’@? AV 7839 20 10 5 25 12
(ug/mL)

Against S. aureus

Negative control

700

600+

5004

400+

3004

MIC (ug/mL)

200+

1004

I Against E. coli
I Against S. aureus

EuEn |

o-TTB

m-TTB p-TTB

Figure 3. Antibacterial effects of o-TTB, m-TTB and p-TTB on E. coli and S. aureus.
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Figure 4. DSC curves of o-TTB/E51 at different heating rates.

(Figure 4) shows the DSC curves of o-TTB/E51 at
heating rates of 5 K/min, 10 K/min, 15 K/min, and 20 K/
min, respectively. As the heating rate increases, the
exothermic peak of the system moves to the high-tem-
perature region, and the characteristic temperature also
increases, which indicates that when the heating rate is
low, the resin curing system has sufficient reaction time,
and as the heating rate increases, thermal effects
increase and the thermal inertia of the system becomes
larger, resulting in a larger temperature difference and
the exothermic peak gradually entering the high-tem-
perature region. Isothermal curing temperature (Table 3)
was obtained by extrapolation from a linear fit of experi-
mentally obtained characteristic temperatures (Table 2
and Figure 5).

Curing kinetic parameters

The Kissinger equation was used to determine the
apparent activation energy (Ea) of the curing kinetics
[34,37], where Ea is the minimum energy required for a
curing reaction to occur, indicating the degree of diffi-
culty with which the reaction occurs, and is one of the

most important factors influencing the rate of the
reaction.
The Kissinger equation is as follows:

. E, 1 AR
In ﬁz' =—2. —4ln—
7 R Ty E

(i=1,2,3..) )

where {3 is heating rate (K/min), Tpi is peak temperature
(K), Ea is the apparent activation energy (J/mol), R is the
molar gas constant (8.314 J/molK), and A is pre-expo-
nential factor (s™").

The Crane equation [38] is used to determine the
reaction order (n) of the curing kinetics, where n repre-
sents the complexity of the curing reaction.

The Crane equation is as follows:

ding) _ E o
d(1/Tp) nR
where B is heating rate (K/min), Tp is peak temperature
(K), Ea is the apparent activation energy (J/mol), n is the
reaction order, and R is the molar gas constant (8.314 J/
molK).

By reading the DSC curves and calculating the kinetic
parameters of each system (Table 4), the fitted curves of
In (B/Tp?) ~1/Tp and InB~1/Tp for each system are
plotted in (Figure 6).

The apparent activation energy of the o-TTB/E51 sys-
tem obtained by linear fitting is E = 91.84 kJ/mol, the
pre-exponential factor A = 9.24 x 10'° s™', and the reac-
tion order of the o-TTB/E51 system is 0.92.

Curing kinetics equation

The curing kinetics equation can express the relationship
between curing temperature, curing time and curing
degree. From the following two formulas (3), (4), the
curing reaction kinetics equation of (5) can be obtained,
and (5) can be obtained after integration.

Table 2. Tf, Tp, Ti and enthalpy of o-TTB/E51under different heating rate.

Heating rate (K/min) Ti (K) Tp (K) Tf (K) Enthalpy (J/g)
5 354.98 417.93 476.98 151.0
10 364.24 428.64 488.80 164.7
15 369.80 434.39 497.10 166.4
20 374.56 439.40 502.13 151.8
Tf: final temperature; Tp: peak temperature; Ti: initial temperature
Table 3. Optimized curing temperatures of the o-TTB/E51 system.
System Tf/°C Tp/°C Ti/°C
o-TTB/E51 198.67 140.45 76.65
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Figure 5. The fitting for the determination of optimized curing
temperature (Tf, Tp and Ti) of o-TTB/E51.
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where a is the degree of reaction, K is the reaction rate
constant (s™'), and t is the reaction time (s).

Eq. (6) shows the relationship between cure, reaction
time, and reaction temperature, i.e., the longer the reac-
tion time, the higher the reaction temperature and
higher the degree of reaction. Substituting the kinetic
parameters previously obtained into Eq. (6), the reaction
kinetic equation for each system can be obtained:

% — A0 —alerp()

TGA of the materials

The thermal stability of o-TTB and cured o-TTB/E51 were
investigated by TGA in air atmosphere (Figure 7).

Table 4. Curing reaction kinetics of the o-TTB/E51 system.
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According to the TGA curve of o-TTB, a slight weight
loss at about 100 oC is caused by the evaporation of
trace water, while o-TTB starts to decompose at about
185°C; and the cured O-TTB/E51 starts to decompose
from about 275 C. Therefore, in order to avoid oxidative
decomposition of o-TTB and the resin during the curing
process, we cured the resin at 120 oC for 2 h and then at
180°C for 1 h, which were lower than the optimized
curing temperature.

Inhibitory properties of o-TTB/E51 cures

The epoxy resin E51 was cured using o-TTB as the
curing agent to produce o-TTB/E51 resin with anti-
bacterial performance. The inhibition properties of
cured o-TTB/E51 on bacterial growth were investi-
gated by co-culturing the cured o-TTB/E51 resin
with S. aureus. The growth curve of bacteria in the
presence of o-TTB/E51 was measured by the absor-
bance method, and the growth curve was compared
with that of the control sample. As shown in
(Figure 8), the o-TTB/E51 exhibited a significant inhi-
bitory effect on the growth of S. aureus compared to
the control sample indicating the excellent antibac-
terial performance of o-TTB/E51 resin. The results
showed that o-TTB/E51 epoxy resin with antibacterial
properties was successfully prepared using o-TTB as
the curing agent. The good antibacterial performance
of the o-TTB/E51 system may be due to the ability of
the biguanide groups to carry a positive charge and
the high density of the functional group afforded by
the branched structure of TTB. When negatively
charged bacteria are in contact with the resin surface,
the positively charged biguanide groups can kill the
bacteria and thus inhibit their growth.

Conclusions

Three branched polyether biguanides (o-TTB, m-TTB and
p-TTB) with broad-spectrum and high antibacterial prop-
erties were successfully synthesized by the reaction of
branched polyetheramine T403 with o-tolyl biguanide,
m-tolyl biguanide and p-tolyl biguanide, respectively.
The antibacterial properties of TTB against E. coli and S.
aureus were investigated, and the results showed that
TTB  had high-efficiency and  broad-spectrum

heating rate (K/min) InB Tp (K) In (B/sz) 1/Tp (K™
5 1.61 417.93 -10.46 239x 107
10 230 430.64 -9.83 232x 1073
15 2.71 434.39 —9.44 230x 1073
20 3.00 439.40 -9.18 228 %1073
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Figure 6. The fitted curve of In (8/Tp?) ~1/Tp (left) and the fitted curve of Inp~1/Tp (right) for o-TTB/E51.
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Figure 7. TGA of o-TTB (left) and o-TTB cured E51 (right) in the air. (Heating rate 5°C/min).
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Figure 8. Bacterial growth curves treated with o-TTB/E51 against
S. aureus.

antibacterial properties. o-TTB had the strongest anti-
bacterial effect against E. coli and S. aureus, and its
minimum inhibitory concentration was 20 and 15 pg/
mL, respectively. The curing kinetics of the o-TTB/epoxy
resin E51 system were investigated by DSC to determine
the optimized curing reaction temperature of the sys-
tems and determine the curing kinetic parameters and
equations. Meanwhile, o-TTB was used as a curing agent
to cure epoxy resin E51, and o-TTB/E51 epoxy resin with
antibacterial properties was prepared. The antibacterial
properties of the cured o-TTB/E51 material were tested
by the co-culture method, and the results showed that
o-TTB/E51 epoxy resin had significant inhibitory effect
on the growth of S. aureus. This is considered to be an
antibacterial material with broad application prospects.
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