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Abstract
Aiming at the excellent killing effect of N-phenylmaleimide (N-PMI) on microorganisms, this paper used
structural simulation analysis, �uorescence analysis, confocal laser scanning microscope and SEM to
�nd that the double bond in N-PMI could interact with the sulfur groups in the membrane protein,
changing its conformation, rupturing the plasma membrane of the cell, leaking the contents, and
ultimately causing the death of the microorganisms. Therefore, once the double bond participated in the
polymerization, N-PMI loosed its antimicrobial function. N-PMI could achieve azeotropic
copolymerization with MMA through reactive extrusion polymerization, and didn’t follow the law of
reactivity ratio of classic copolymerization. N-PMI with a content of 5% can be evenly inserted into the
PMMA chain segment during the copolymerization reaction, thereby increasing the Tg of pure PMMA by
up to 15°C, which provided the PMMA-co-PMI copolymer with resistance to boiling water sterilization
advantageous conditions. In addition, the copolymer was superior to the commercially available pure
PMMA in terms of bending strength and modulus. At the same time, N-PMI with a content of 5% has little
effect on the transparency of PMMA after participating in the copolymerization. Moreover, the trace
amount of residual N-PMI made the material have excellent antimicrobial function, and the bacteriostatic
zone is extremely small, which provided an excellent guarantee for the safety and durability of the
material. As a medical biological material, the PMMA-co-PMI copolymer has a good industrialization
application prospects.

1 Introduction
There are a large number of microorganisms in our environment, but some harmful microorganisms
(especially bacteria and fungi) directly threaten human safety and health[1–4]. Infectious diseases
caused by bacteria and fungi, such as plague, diphtheria, tuberculosis, etc. appear frequently in clinic
practice and bring great harm to human society[1, 5]. In addition, bacteria will produce bio�lms and
adhere to the surface of various materials, thereby affecting the physicochemical properties and
functions of materials, such as the adhesion and erosion of marine microorganisms to the surface of the
hull. Therefore, various antibacterial agents and antibacterial materials are receiving extensive attention,
and how to use antibacterial agents to effectively inhibit the growth and reproduction of harmful
microorganisms has also become a crucial issue[6, 7].

N-phenylmaleimide (N-PMI) is a modi�cation monomer with �ve-member imide ring that restricts the
movement of polymer chains, which can improve the thermal stability, impact resistance and processing
properties of the material[8–10]. Therefore, N-PMI can be used as heat-resistant modi�er, vulcanization
crosslinking agent, pharmaceutical intermediate, antifouling agent, and antibacterial agent in various
occasions[11, 9]. At the beginning, N-PMI attracted people’s attention as antifouling agent. It could
effectively prevent the attachment and reproduction of marine organisms without polluting water, nor
corroding equipment and metals. Importantly, N-PMI has extensive antibacterial activity against
microorganisms such as Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), Candida albicans
etc., and can effectively inhibit the growth and reproduction of microorganisms[12–18]. In addition, N-
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PMI and its derivatives have a certain anti-tumor activity[19–21] and anti-in�ammatory activity[22]. In the
context of the continued epidemic of COVID-19, N-PMI must have a wide range of applications in the
biological and medical �elds.

However, the exploration of the antibacterial mechanism of N-PMI is still in its infancy, and its
antibacterial mechanism is still unclear. Cechinel-Filho[23] mentioned that the antibacterial activity of N-
PMI resulted from its hydrophobicity (logP = 1.35) and electrically neutral, which enable it to pass through
the cell membrane and cause the death of bacteria. Sortino[15] researched the N-phenyl maleimide and
the N-phenylalkyl maleimides with different carbon numbers and it was found that the antibacterial
activity of N-PMI was closely related to the �ve-membered imide ring. In addition, as the carbon number
of the N-phenylalkyl group increased, the antibacterial performance of the corresponding maleimides did
not decrease signi�cantly. Yunes[21] found that the antibacterial properties of N-PMI with different
benzene substituents were different. This was because the electronegativity of the substituents would
affect the interaction between maleimides and bacteria. The research results of Natalia S. et al.[24]
showed that N-substituted maleimides affected biosynthesis of chitin and β (1,3) glucan, components of
the fungal cell wall.

Furthermore, Karina[25] believed that N-PMI could trigger the apoptosis of erythrocyte, tumor cells, etc.
and showed obviously the characteristic behaviors of apoptosis via �ow cytometry, �uorescene
microscopy and Annexin V-FITC assay. Apoptosis was a kind of autonomous and programmed cell death
progress (PCD), generally started from the combination of receptors on the plasma membrane and
related apoptosis factors. Next, the processes including the interaction between apoptosis regulatory
molecules and the activation of proteolytic enzymes were conducted, eventually leading to cell apoptosis.
Therefore, it was speculated that the bacteria membrane protein was the putative primary target of N-PMI,
then the membrane protein conformation was changed, which �nally led to the damage of cell membrane
and the death of the bacteria[26].

In terms of molecular structure, the C = C bond of N-PMI with high electron-de�cient property and high
chemical reactivity was easy to undergo nucleophilic addition reaction, Diels-Alder addition reaction,
Michael reaction, anionic and free radical polymerization reaction[27–29]. Nair et al.[30] reported the
Michael addition reaction of N-PMI and thiophenol. No catalysts and additives were needed, after the
reaction between them for 15 minutes at room temperature using water as a solvent, the
thiosuccinimides were obtained in high yield. Natalia[24] also used sulfhydryl-containing N-acetyl methyl
cysteinate to simulate the reaction between maleimides and cysteinyl residues presenting at the enzyme
active centers. As critical component of cell membrane, membrane protein was rich in sulfhydryl groups
in reactive cysteinyl residues, also being easy to react with N-PMI, which, therefore, would further change
the membrane protein conformation and lead to the change of cell membrane morphology.

In other hand, polymethyl methacrylate (PMMA) has a very wide range of applications, especially as
human bones, and the transparent pool wall of marine aquariums. There is a great need for safe, long-
lasting antibacterial PMMA. Therefore, based on the previous research of our laboratory on the synthesis
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of PMMA and its copolymers through reactive extrusion polymerization, the copolymerization of N-PMI
and MMA was implemented[31–33].

Acrylic coating has been extensively applied in building, electronic appliance, and other �elds, due to its
excellent properties such as aging resistance, transparency, and better decoration[34]. Especially,
antimicrobial acrylic coating has broad application prospects in medical equipment, daily necessities, etc.
Therefore, N-PMI could also be chosen as antibacterial agent in acrylic coating due to good solubility of
organic solvents. Through the analysis of antibacterial activity under different conditions, the
antibacterial mechanism of N-PMI may be further inferred, and its application direction in the �eld of
polymer materials will be determined.

2 Materials And Methods

2.1 Materials
Methyl methacrylate (MMA), analytical grade, was provided by China’s Oil Sunup Group Co., LTD(China)
and obtained after reduced pressure distillation. Butyl acrylate (BA), Glycidyl methacrylate (GMA), N-
phenyl maleimide (N-PMI), analytical grade, was provided by Shanghai Titan Co. Ltd. (Shanghai, China).
AIBN, analytical grade, was provided by Shanghai Ling Feng Chemical Reagent Co. Ltd. (Shanghai,
China), and obtained after recrystallization in hot ethanol. Homo-polymethylmethacrylate (Commercial
PMMA, VH001, Mn = 4.26×104, MWD = 1.61) was purchased from Mitsubishi Rayon Polymer Co.,
Ltd(Nantong, China). All reagents were used as received.

2.2 Molecular structure and Electrostatic Potential Analysis
The optimized geometries of N-phenylmaleimide (N-PMI), N-phenylsuccinimide (N-PSI), and N-
chlorophenylmaleimide (N-ChPMI) were obtained by Gaussian 09 software at the B3LYP/6-31G(d) level.
On this basis, the electrostatic potential (ESP) at the VDW surface de�ned by Bader (i.e. an electron
isodensity surface of 0.001 e bohr− 3) was calculated using Multiwfn software.

2.3 Antibacterial Activity Assay and The antibacterial rate-
contact time curves
The minimum inhibitory concentration (MIC) of N-PMI, N-PSI and N-ChPMI against E. coli and S. aureus
were determined by using the standardized microbroth dilution method. All samples were dissolved in
10mM phosphate buffer solution (PBS, pH 7.4) with �nal pH 7.4 to prepare the reserved solutions. The
corresponding reserved solution was diluted to obtain a 2-fold serial dilution (2-2048mg L-1) with 10mM
PBS. 2mL of different diluted solutions, 2 mL of LB broth and 0.2 mL of E. coli and S. aureus with a
concentration of 107CFU/mL were added respectively. And the suspensions were incubated at 37°C for
24 h. The antibacterial agent concentration of the highest dilution tube without bacterial growth was MIC.
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The antibacterial rate-contact time curves for N-PMI were carried out against E. coli and S. aureus. The
108 CFU/ml bacteria suspensions mixed with 40 mg/L N-PMI, were incubated together for 10, 30, 60, 90,
120, and 240 minutes at 25°C. Then 1 mL of culture solution at different times was extracted and diluted
to various dilutions (104 ,103 and 102 CFU/ml), respectively. Next, 0.1 ml of these cultures was seeded on
agar in a petri dish, and the dishes were incubated for 24 h at 37°C. Controls were carried out in the
presence of 10 mM PBS but without N-PMI. The number of colony-forming units of the surviving bacteria
was counted, and the inhibition e�ciency of cell growth was estimated. All assays were repeated three
times.

2.4 Effect of N-PMI on �uorescence spectra of bacteria
membrane protein
0.5mL bacteria suspension was added into 1.5mL of different concentrations of potassium iodide (KI), N-
PSI or N-PMI in physiological saline solution and incubated for 1 h at 25°C. The emission spectra of these
samples were scanned from 250 to 500 nm with a �xed excitation wavelength of 258 and 296 nm (for KI
solution), only 258nm (for N-PSI and N-PMI solution). Both of the slit widths of excitation and emission
spectrum were 10 nm on a LS-55 lumine/�uorescence spectrophotometer[35, 36]. In this experiment, the
optimum concentration of S. aureus and E. coli was adjusted to a concentration of 2×108 CFU/mL in
physiological saline, based on the emission �uorescence intensity.

2.5 Assays of membrane permeation and laser scanning
confocal microscope (CLSM)
FITC �uorescence staining was used to visualize the leakage of cytoplasmic membrane through CLSM,
as described previously. The green �uorescent probe FITC was dissolved in DMSO as the stock solution
(10 mg ml-1). The cell suspensions of 2×108 CFU/ml, were incubated with N-PMI for 60 min at 30°C. The
treated cells were centrifuged, washed three times and re-suspended in the same volume of PBS. PBS
control was done without N-PMI and incubated for 60min at 30°C, washed three times and re-suspended
in PBS as well. FITC stock solutions of 2ml were added to experiments and controls respectively, and the
solution with the �nal FITC concentration of 6mg/L was then incubated for 30min at 30°C. The solution
was dropped to the slides then examined by CLSM, which using a laser scanning confocal microscope
(AIR, Nikon, Japan) with a 405 nm semiconductor laser (Coherent) as the excitation source. The laser
beam was focused by a ×60 objective to a spot of about 1 µm in diameter. The excitation power intensity
used was about 250 W cm-2.

2.6 Scanning electron microscope analysis (SEM)
10ml of bacterial cell suspensions, 2×108 CFU/mL, was centrifuged at 5050r/min for 7 min at 4℃, and
discarded the supernatant. The bacteria was washed twice with PBS buffers of 10 mL centrifuged,
discarded the supernatant, and used as the reference test group. 10 mL of E. coli and S. aureus bacteria
suspensions were centrifuged at 8000 r/min for 5 min at 4 ℃, discarded the supernatant, and 10 mL of
40 mg/L N-PMI solution was added to the centrifuge tube. After being mixed for 2 h, 10 mL of 0.0141
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mol/L sodium thiosulfate standard solution was added into it, mixed for 10 min, and centrifuged for 7
min at 4000 r/min at 4°C. After being washed twice with PBS, the bacteria suspensions were centrifuged
into a pellet, discarded the supernatant, as the antibacterial test group. Then glutaraldehyde �xatives of 1
mL were added to the test groups, respectively, and stood at 4°C for 12 h.

After the �xation was completed, discarded the supernatant and rinsed with PBS 3 times. Gradient elution
was performed with 20%, 50%, 80%, and 100% ethanol, respectively. After eluting for 10 minutes each
time, the bacteria suspension was centrifuged at 5050r/min for 5 min. Next, the above-mentioned 100%
ethanol was replaced with tert-butanol and centrifuged twice, and 2 mL tert-butanol was added and stood
for 30 min at 4°C. The treated bacteria suspension was dropped to the clean silicon wafer (treated
previously by UV-O3), taking care not drip thick bacteria droplet. The silicon wafers were dried at 30°C and
the microscopic morphology of the bacteria were observed by S-4800 �eld emission scanning electron
microscope (FESEM, Hitachi, Japan), and the accelerating voltage was 10 kV.

2.7 The Leakage of K+, Ca2+ and Mg2+ Assay
The cultured 2×108 CFU/mL E. coli and S. aureus suspension was centrifuged at 4000 r/min for 7 min,
the supernatant was discarded, and washed with sterile saline for 3 times. In addition, the 40 mg/L N-PMI
solution was prepared with sterile normal saline and 5 mL of the washed bacteria suspension was mixed
with N-PMI solution. The samples of 5 mL were taken after treating for 1min, 30 min, 60 min, and 90 min,
respectively, and the neutralizers (0.1 mol/L sodium thiosulfate solution) of 10 ml were added and treated
for 10 min. A 0.22µm �lter membrane was used to �lter the bacteria suspensions. NexION 2000-(A-10)
inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used to determine the K+, Ca2+

and Mg2+ concentration of �ltrates[37].

2.8 Preparation of MMA-co-PMI and Acrylic Coatings
According to previous studies, N-PMI and MMA was copolymerized in a two-stage extruders. The �rst
stage was TDE-40 co-rotating tightly meshing twin-screw extruder (D = 41.3mm, L/D = 68), and the
second stage was TDY-40 counter-rotating twin-screw extruder (D = 41mm, L/D = 60). The monomers and
initiators (AIBN, 0.4wt%) were mixed in tank and sent to the �rst barrel of the �rst stage extruder through a
metering pump which could be accurately quanti�ed. Before polymerization, the extruders were heated to
220°C and purged with dry argon to remove impurities. Then when the temperature dropped to the set
temperature, while being fed the monomer, the extruder began to run and gradually increased the
polymerization amount to the normal value. A devolatilizer was installed on 10th barrel of the second
stage extruder near to the die to remove residual monomers. After the extruded polymer is stabilized,
pelletizing was performed to obtain the MMA-co-PMI copolymers.

Regarding the acrylic coatings, 35 mL MMA, 10 mL BA, 5 mL GMA, and 0.25 g AIBN were mixed in a
beaker, and 50 mL ethyl acetate was added to a four-necked �ask. After the temperature rose to 75℃, 1/3
of mixed monomer was added to the four-necked �ask, and the rest mixed monomer containing the
initiator was added dropwise to the �ask through a constant pressure funnel within 2 h. Under the
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protection of nitrogen, the polymerization performed at 75℃ for 4 h. Finally 0.5wt% or 1wt% N-PMI was
added. Until it was evenly distributed, the temperature was lowered to obtain the product. Then the
product was coated into a �lm, and dried in stage in an oven to obtain the �lm samples.

2.9 Characterization of MMA-co-PMI
The molecular weight and distribution were characterized by Waters515 spectrometer connected with
Wyatt Technology DAW NEOS small-angle light scattering detector. THF was used as the solvent with a
sample content of 5mgml− 1 and the test was carried out at 25°C.

The Tg of samples were measured by Diamond DSC (Perkins-Elmer, America). The samples were
scanned at temperatures ranging from 25°C to 180°C in air atmosphere and the temperature was
increased at the rate of 5 K min− 1.

The samples were molded by injection machine according to the standards GB/T 11997–2008 (China)
and GB/T 15597.2–2010(China). The tensile and �exural strengths were measured through a CMT4204
microcomputer control electronic universal material testing machine at the speed of 5mm/min and
2mm/min, respectively. The impact strengths were measured by CEAST 9050 cantilever beam impact
tester.

2.10 Antibacterial Test of MMA-co-PMI and Acrylic
Coatings
The antimicrobial activity of the samples was analyzed by the shaking �ask method. Steps: 0.10 g
copolymers or coating �lms (before water washing, after water washing and puri�ed) was mixed with 10
ml bacterial culture (105 CFU/ml), shook in a 37°C incubator for 24 h. Then they were prepared into
various diluents (104 ,103 and 102CFU/ml) in sequence. 0.1 ml of these diluents was taken, and
inoculated on the agar in a petri dish, incubated at 37°C for 24 h. The number of colonies was counted to
estimate the inhibition e�ciency of cell growth. Each sample was measured three times, and the average
value was calculated.

The ring diffusion test was used to characterize the leaching characteristic of antibacterial materials. The
sheets of MMA-co-PMI copolymers were prepared in a compression press (Guangdong Bolon Precision
Testing Machines, China) at 190 ºC, 10 MPa for 5 min. The prepared samples were cut into the wafers,
20mm in diameter. The acrylic coating �lms also were cut into the wafers, 20mm in diameter. Then, 0.1
mL suspensions of E. coli and S. aureus with a concentration of 106 CFU/ml were inoculated on the agar
plate in the petri dishes. The wafers above were placed on the agar plates, which were then incubated at
37°C for 24 h in an incubator before measuring the diameters of inhibition annulus. All the tests were
carried out in duplicate.

3 Results And Discussion
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3.1 Antibacterial Activity of N-PMI
The minimum inhibitory concentrations (MIC) of N-PMI, N-PSI and N-ChPMI against E. coli and S. aureus
were shown in Table 1. It can be seen that the MICs of N-PMI against E. coli and S. aureus are 64 and 32
mg/L, respectively, and have good broad-spectrum antibacterial properties. The hydrogen atom on the
benzene ring was replaced with a halogen atom to become N-ChPMI. As a result, its antibacterial activity
is signi�cantly reduced. In addition, when the double bond in N-PMI was opened by sulfur bonds, its
structure is similar to N-PSI, but the antibacterial activity of N-PSI is much lower than that of N-PMI. This
shows that the antibacterial activity of N-PMI is not only related to the �ve-membered imine ring
mentioned in the previous article, but also has a very important relationship with the C = C double bond in
the imine ring.

Table 1. Minimum inhibitory concentration against E. coli and S. aureus of samples 

  N-PMI N-PSI N-ChPMI

E. coli 64 1024 256

S. aureus 32 1024 128

The antibacterial rate-contact time curves were shown in Fig. 1. When the contact time reached 120min
and 360min, the antibacterial rate reached 50% and 99% respectively. It can be seen that the antibacterial
effect of N-PMI is both dose-dependent and time-dependent.

3.2 Molecular Structure Simulation and Electrostatic
Potential
First, the molecular structure of N-PMI, N-PSI and N-ChPMI was optimized by Gauss 09 using the
B3LYP/6-31G theory, and the lowest energy and most stable molecular structure was obtained. On this
basis, the Multiwfn software was used to calculate the surface electrostatic potential (ESP), and the
calculation results were shown in Fig. 2. It can be seen that although N-PMI is electrically neutral as a
whole, the C = C double bond region in the �ve-membered imine ring exhibits signi�cant electrical
positivity (+ 25kJ/mol), which makes it easier to attract the electronegative phospholipid area of the cell
membrane lays the foundation for its antibacterial properties. Compared with N-PMI, the electrical
positivity of N-PSI is reduced, but the difference is not very big. However, perhaps due to the lack of
double bonds that can further interact with bacterial proteins through sulfur bonds, its antibacterial
properties are greatly reduced. In addition, due to the presence of chlorine atoms on the benzene ring, it
not only reduces the electropositiveness on the benzene ring, but also may affect its Michael addition
reaction with other thiol substances. Therefore, the antibacterial performance of N-ChPMI is lower than
that of N-PMI.

Because N-PMI has partial electropositiveness and hydrophobicity, it is easy to interact with bacteria. In
addition, membrane proteins are randomly distributed in the phospholipid area on the surface of the



Page 9/26

bacterial cell membrane, which contains many cysteine residues and sulfhydryl groups. Perhaps it is due
to the Michael addition reaction between N-PMI and membrane protein, as shown in Fig. 3, which
changes the conformation of the membrane protein and affects the function of the membrane protein. It
then causes the cells to shrink, the contents of the cells leak, and eventually the bacteria die.

3.3 Fluorescence Experiments
Fluorescence experiments can verify the interaction of N-PMI with bacterial cell membrane proteins[38].
There are three amino acid residues in the protein composition that can emit �uorescence, which are Phe,
Tyr and Trp residues, and the emission wavelengths are 282nm, 303nm and 348nm, respectively. And
their excitation wavelength is almost the same (296nm), only Phe has a lower excitation wavelength
(258nm). Because the frequencies are relatively close, there will be energy transfer between Tyr and Trp
residues, and even �uorescence quenching. The closer the spatial distance between these two residues,
the easier the energy transfer between them.

Therefore, the �uorescence quenching agent KI was used to determine the amino acid residues, and the
�uorescence spectra of the bacteria at the excitation wavelengths of 258nm or 296nm were measured
after treatment with different concentrations of KI. The results were shown in Fig. 4[38]. It could be
discerned that the �uorescence intensity of E. coli and S. aureus at the excitation wavelength of 296nm
would slightly decrease with the increase of KI concentration. It indicated that Tyr and Trp residues
mainly located inside or cranny of membrane. Thus, it could not re�ect whether N-PMI would interact with
the membrane protein. On the contrary, the �uorescence intensity at the excitation wavelength of 258nm
decreased signi�cantly with the increase of the concentration of KI. Therefore, it could be concluded that
Phe were partly located on the surface of the bacteria cell membrane, which could sensitively re�ect the
interaction of N-PMI and membrane proteins.

Phe was selected as the target residue, and under the excitation wavelength of 258nm, the �uorescence
quenching effect of the bacterial suspension with the change of N-PMI concentration was measured, and
the result was shown in Fig. 5. It can be seen that as the concentration of N-PMI increases, the
�uorescence intensity of Phe residues in E. coli and S. aureus continues to decrease, indicating that N-
PMI does have a signi�cant effect on bacterial membrane proteins. In addition, the �uorescence
spectrum of Phe residues has also undergone a red shift, which means that the conformation of the
membrane protein may have changed.

According to the �uorescence quenching mechanism, the �uorescence quenching phenomenon can be
divided into static quenching and dynamic quenching, and it follows the Stern-Volmer equation[36].

Where, F0 and F are �uorescence intensities without and with the �uorescence quenching agent
respectively, and Kq is dynamic �uorescence quenching rate constant of biomolecule. τ denotes the
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lifetime of the �uorescence source in biological macromolecules (about 10 ~ 8 s), while [Q] denotes the
concentration of the quenching agent[39, 40].

The mechanism of �uorescence quenching tells that dynamic quenching is a process in which the
quencher interacts with the excited �uorescent molecule and does not affect the structure and
physiological activity of the membrane protein. The rate constant of dynamic quenching is generally less
than 2×1010. Static quenching is a process in which the quencher and �uorescent molecules (membrane
protein) form a type of complex or intermolecular complex, resulting in a decrease in �uorescence
intensity[35, 41]. In general, the quenching rate constant of static quenching is signi�cantly higher than
the maximum dynamic quenching rate constant Kq (2×1010) of the quencher for biological
macromolecules.

Based on this mechanism, taking the concentration of N-PMI as the abscissa and the �uorescence
intensity at the maximum emission peak as the ordinate, the �uorescence quenching curves of Phe
residues in E. coli and S. aureus were shown in Fig. 5. It can be seen that N-PMI has obvious �uorescence
quenching effect and is concentration-dependent. In addition, the Stern-Volmer curve showing the
relationship between F0/F and [Q] is also tried in Fig. 6. According to the calculation of the slope of the

�tted straight line, the dynamic quenching rate constants Kq were 9.87×1011 and 7.85×1011 (for E. coli

and S. aureus), respectively, which were signi�cantly higher than 2×1010. This indicates that the process
of �uorescence quenching of membrane protein caused by N-PMI belongs to static quenching, which
affects the conformation and physiological activity of membrane protein.

In contrast, the results in Fig. 7 show that N-PSI has almost no effect on the �uorescence intensity of E.
coli and S. aureus membrane proteins, indicating that the interaction between N-PSI and bacterial cells is
weak. It can also be con�rmed that the antibacterial effect of N-PMI is mainly dependent on the
interaction of its �ve-membered ring carbon-carbon double bond with membrane proteins.

3.4 Fluorescent visualization of permeation of membrane
FITC, as a low molecular mass (389 Da) green �uorescent probe, cannot pass through the cytoplasmic
membrane of intact cells and emit �uorescence by interacting with non-speci�c enzymes in the cell. Only
after N-PMI could interact with the cytoplasmic membrane and destroy it, FITC can interact with non-
speci�c enzymes in the cell to emit �uorescence. Therefore, in the control sample that is not in contact
with N-PMI in Fig. 8(a) (b), although live E. coli can be seen in the photograph of the phase contrast
microscope (PCM) in Fig. 8a, there doesn’t appear any �uorescence also in the photograph of the laser
confocal �uorescence microscope (LCM) in Fig. 8b. Although the �uorescence cannot be seen also in the
PCM photo of the sample incubated with N-PMI for 60 minutes (Fig. 8c), the �uorescence emitted is
clearly seen in the LCM photo of the sample incubated with N-PMI in Fig. 8d. It shows that the cell plasma
membrane must have been destroyed by N-PMI. Figure 8e shows that the sample clearly exhibits
�uorescence in the focused scan photos of the x-y plane, y-z plane and x-z plane. This indicates that
bacterial membrane protein is the primary target of N-PMI, and then changes the conformation of the
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membrane protein, which ultimately leads to the rupture of the membrane and the death of the
bacteria[42].

3.5 Observation of cell morphology change
The �eld emission scanning electron microscope was used to observe the cell morphology and
membrane changes as shown in Fig. 9. In the control group (Fig. 9a, b), a complete typical rod-shaped
structure was observed in untreated E. coli cells, and the membrane surface was smooth and bright. In
contrast, after N-PMI treatment, the cell morphology changed signi�cantly, with different degrees of
wrinkles, bumps, and even rupture (Fig. 9c, d). From the intuitive microscopic appearance, it directly
shows that the morphological changes and rupture of cell membranes can be caused by N-PMI.

3.6 The leakage of K+, Ca2+ and Mg2+ from the cell after
treatment with N-PMI
Regulating the cation balance is of great signi�cance to the survival and growth of bacteria. Among
them, K+, Ca2+ and Mg2+ are the keys to balance the cell plasma membrane charge, and therefore help
maintain the intracellular pH value and membrane potential[43, 44]. ICP-OES was used to detect the
extracellular metal ion concentration of the eluate before and after N-PMI treatment, and the results are
shown in Fig. 10. The concentration of K+, Ca2+ and Mg2+ in the eluate after N-PMI treatment is higher
than that of the untreated bacteria eluate, indicating that N-PMI depolarizes the membrane, breaks the
cation balance, and destroys various biochemical functions in the cell. Eventually cause the bacteria to
die. In addition, as the contact time between bacteria and N-PMI increases, the loss of K+ and Ca2+ tends
to increase. Compared with K+, Ca2+, the loss of Mg2+ gradually tends to maintain at the level of
0.28mg/L.

3.7 Preparation and Antibacterial property of MMA-co-PMI
copolymers and acrylic coatings
Based on the above discussion of the antibacterial mechanism of N-PMI, and our laboratory's previous
research on reactive extrusion, it is worth exploring what kind of functional copolymer will be produced by
copolymerizing N-PMI into the PMMA molecular chain. Although some PMMA human implants have
been proven to be suitable for human use, bacterial infections and implant failure have caused scientists
and surgeons to pay much attention to their antibacterial modi�cation. Therefore, based on the previous
research[31, 45], taking full advantage of the self-accelerating effect, the radical bulk copolymerization of
MMA and wt.5% N-PMI in a twin-screw extruder was achieved through reactive extrusion polymerization,
successfully obtaining a higher molecular weight and distribution narrow PMMA-co-5%PMI copolymer.
Estimated from the ratio of copolymer to raw material, the single-pass conversion rate was 84%, and
unpolymerized MMA (bp.100–101℃) was released under reduced pressure. According to the ratio of
MMA/N-PMI raw materials, it can be calculated that approximately no more than 0.8wt% of N-PMI
remains in the copolymer due to its higher boiling point (bp.162–163°C). The content of N-PMI in the
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copolymer, molecular weight and its distribution are shown in Table 2, and its mechanical and heat
resistant properties are shown in Table 3.

Table 2 Macromolecular weight and its distribution of PMMA-co-N-PMI

Samples Mn×10-4 Mw×10-4 MWD

MMA-co-5%PMI 6.82 10.64 1.56

Commercial PMMA 4.31 6.94 1.61

Table 3 Mechanical and heat resistant properties of PMMA-co-N-PMI

Samples Tg

(°C)

Tensile strength

(MPa)

Impact strength

(KJ/m2)

Flexural strength

(MPa)

MMA-co-5%PMI 128.15 77.2 ± 2.0 22.3 ± 0.4 120.5 ± 2.6

Commercial PMMA 113.59 75.0 ± 1.8 20.4 ± 0.7 118.7 ± 3.0

It can be clearly seen from Table 2 that the molecular weight and distribution of PMMA-co-PMI copolymer
is very similar to that of commercially available PMMA, which means that it can be used for injection
molding to prepare various products. It can also be clearly seen from Table 3 that the �exural strength of
the PMMA-co-PMI copolymer are superior to those of the usual commercially available PMMA. Especially
in terms of heat resistance, its glass transition temperature (Tg) is almost 15°C higher than that of the
latter, which provides favorable conditions for the PMMA-co-PMI copolymer to withstand boiling water
sterilization. In addition, the composition of the copolymer is the same as the raw material ratio and the
Tg is signi�cantly increased. It clearly shows that the monomer N-PMI has randomly entered the segment
of the PMMA molecular chain, not as predicted by the classic reactivity ratio[31]. The appearance and
transparency of the PMMA-co-PMI copolymer sheet (2mm thick) with an N-PMI content of 5% is
compared with that of commercially available PMMA as shown in Figure 10. It can be seen that the
transparency is only slightly lower than that of pure PMMA. These are enough to show that PMMA-co-
PMI is a random copolymer, and it is better to replace pure PMMA. However, since the PMMA-co-PMI
copolymer uses the N-PMI monomer that can interact with the cell membrane of bacteria and rupture the
cell membrane, which will eventually lead to the death of the bacteria. Can it play the same role while
being copolymerized into the copolymer?

Therefore, the MMA-co-PMI copolymer was pulverized, and the antibacterial properties before and after
washing were measured. In addition, the copolymer is hot-pressed into a thin sheet and tested by the
zone of inhibition method to determine whether there was an antibacterial component oozing out of the
sample.
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Three vinyl monomers of MMA, GMA and BA are copolymerized in ethyl acetate solvent to form acrylic
coatings with a Tg of 66°C and a molecular weight of 5.6×104. Then 0.5% and 1% of N-PMI was added
into it, respectively, and after being uniformly mixed, the mixture was poured on the glass plate to form a
�lm, and then it was dried in stages to form a �lm. It was crushed, and the antibacterial performance
before and after washing was tested by the shaking method. The results were also listed in Table 4. It can
be seen that the good solubility of N-PMI in organic solvents makes it evenly distributed in the acrylic
paint, and the paint �lm has a good antibacterial effect. In addition, the leaching performance of the
acrylic coating was tested by the bacteriostatic zone test, and the results are also shown in Fig. 11. It can
be clearly seen that the acrylate coating layer containing 0.5% and 1% N-PMI also showed tiny
bacteriostasis circles with similar dimensions as the PMMA-co-5%PMI sample. This clearly shows that N-
PMI has very good compatibility with the matrix resin no matter in the PMMA-co-N-PMI system or in the
PMMA-co-PBA-co-PGMA system, so that the free N-PMI is di�cult to ooze out of the matrix resin system.
This makes the PMMA-co-N-PMI system and the PMMA-co-PBA-co-PGMA coating system mixed with N-
PMI have extremely good antibacterial effects, while only having a small inhibition zone and long-lasting
antibacterial function.

The above research clearly shows that the antibacterial performance of any resin matrix containing N-
PMI is related to the exudation of free N-PMI in the mixed system. In the PMMA-co-N-PMI system,
although the comonomer contained 5% of the total mass of N-PMI, the N-PMI that participated in the
copolymerization no longer had the antibacterial function. This can be veri�ed from the Table 4. Because
the antibacterial rate of PMMA-co-5% N-PMI system is not as good as PMMA-co-PBA-co-PGMA system
mixed with 1% N-PMI, especially after washing. If the antibacterial function is still available after
copolymerization of N-PMI, then the antibacterial performance should not decrease after washing,
because it is impossible to lose the N-PMI after the copolymerization, but the fact is the opposite. In fact,
the aforementioned antibacterial mechanism of N-PMI had clearly shown that the antibacterial function
of N-PMI was caused by the interaction of its double bond with the sulfur group in the bacterial
phospholipid layer, resulting in the rupture of the cell plasma membrane. Therefore, if the double bond is
lost, the antibacterial function is lost.
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4 Conclusion
N-PMI is a multifunctional monomer with excellent antimicrobial function. Its antibacterial mechanism is
that the double bond in its molecule can interact with the sulfur group in the bacterial membrane protein,
changing its conformation and rupturing the cell plasma membrane. The contents leak and eventually
cause the death of the microorganism. Therefore, once the double bond participates in the
polymerization, N-PMI loses its antibacterial function. N-PMI can achieve azeotropic copolymerization
with MMA through reactive extrusion polymerization, and does not follow the law of reactivity ratio of
classic copolymerization. N-PMI with a content of 5% can be evenly inserted into the PMMA chain
segment during the copolymerization reaction, thereby increasing the Tg of pure PMMA by up to 15°C,
which provides the PMMA-co-PMI copolymer with resistance to boiling water sterilization advantageous
conditions. In addition, the copolymer is superior to the commercially available pure PMMA in terms of
bending strength and modulus. At the same time, N-PMI with a content of 5% has little effect on the
transparency of PMMA after participating in the copolymerization. Moreover, the trace amount of residual
N-PMI makes the material have excellent antibacterial function, and the bacteriostatic zone is extremely
small, which provides an excellent guarantee for the safety and durability of the material. As a medical
biological material, the PMMA-co-PMI copolymer has a good industrialization application prospects.
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Figures

Figure 1

Antibacterial rate-contact time curves of N-PMI against E.coli and S. aureus
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Figure 2

Molecular electrostatic potential (ESP) maps on the 0.001 au isosurface of (a) N-PMI, (b) N-PSI, and (c) N-
ChPMI. (Energy values are given in kcal/mol).



Page 20/26

Figure 3

Scheme of reaction between N-PMI and cysteinyl residues in membrane protein

Figure 4

The in�uence of the concentration of N-PMI on the �uorescence intensity in the emission wavelength
range of 200-600 nm at the excitation wavelengths of 258 nm of (a) E. coli membrane protein and (c) S.
aureus membrane protein, and at the excitation wavelengths of 297 nm of (b) E. coli membrane protein
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and (d) S. aureus membrane protein, respectively Concentration of KI (from the top down) was: 0, 0.0125,
0.025, 0.05 and 0.1 mol/L, respectively.

Figure 5

The in�uence of the concentration of N-PMI on the �uorescence intensity in the emission wavelength
range of 200-600 nm at the excitation wavelengths of 258 nm of (a) E. coli membrane protein and (b) S.
aureus membrane protein, respectively Concentration of N-PMI (from the top down) was: 0, 3.125, 6.25,
12.5, 25, 50, 100, 200 and 400 μg/mL, respectively

Figure 6

When the excitation wavelength is 258 nm, the effect of N-PMI on the �uorescence intensity of bacterial
membrane protein at the maximum emission wavelength of 338 nm (black) and the corresponding Stern-
Volmer curve (red). (a) E. coli; (b) S. aureus
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Figure 7

The in�uence of different concentrations of N-PSI on (a) E. coli and (b) S. aureus membrane protein
�uorescence intensity in the 200-600 nm wavelength range when the excitation wavelength is 258 nm.
Concentration of N-PSI (from the top down) was 0, 0.2, 0.4 and 0.8 mg/mL, respectively;
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Figure 8

Laser confocal microscope (LCM) photos of 2×108 CFU/mL E. coli after FITC staining and co-incubation
for 60 min with 40 mg/L N-PMI: (a) Phase contrast microscope (PCM) photo of control cells; (b) LCM
photo of control cells; (C) PCM photo of the measured cells; (d) LCM photo of the measured cells; (e) LCM
photos of xy (upper left), yz (upper right), xz (lower left) of the measured cells.
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Figure 9

Observation of cell morphology change and membrane damage by �eld emission scanning electron
microscope. Control bacteria (a, b); the 2× 108 CFU/mL E. coli was treated with 40 mg/L N-PMI for 60 min
(c, d).
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Figure 10

K+, Ca2+ and Mg2+ were lost from the cell when the bacteria were treated with 40 mg/L N-PMI at 28℃
for 1 min, 30 min, 60 min and 90 min, (a) E. coli; (b) S. aureus The data was the mean ± standard
deviation of 3 independent experiments

Figure 11

Photos of inhibition zone against E. coli of samples including MMA-co-5%PMI, COATING-0.5%N-PMI and
COATING-1%N-PMI.
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