
RESEARCH AND EDUCATION
Supported by
aGraduate stu
bTechnician,
cProfessor, B

100.e1
Mechanical and antibacterial properties of polymethyl
methacrylate modified with zinc dimethacrylate
Jiali An, DDS,a Ning Ding, BM,b and Zutai Zhang, PhDc
ABSTRACT
Statement of problem. Polymethyl methacrylate (PMMA) has been widely used for denture base
resin. However, concerns associated with PMMA, such as poor mechanical strength, high roughness,
and porosity promoting microbial adhesion have been voiced; appropriate modification of PMMA
denture base resin may improve its clinical application.

Purpose. The purpose of this in vitro study was to investigate the effect of zinc dimethacrylate
(ZDMA) modification on the mechanical and antibacterial properties of PMMA.

Material and methods. ZDMA at different mass fractions was mixed into PMMA as the
experimental group, and unmodified PMMA was the control group. X-ray diffraction (XRD),
scanning electron microscopy-energy dispersive spectrometry (SEM-EDS), and the degree of
conversion (DC%) were applied for characterization. Mechanical properties were measured with
the 3-point bend test (n=10). The Streptococcus mutans biofilm model was used to investigate
the antibacterial property by using colony-forming unit counts, metabolic activity, live/dead
staining, quantitative real-time PCR (qRT-PCR), and SEM (n=5). The cell counting kit (CCK)-8 test
was used to evaluate cytotoxicity. Data were subjected to analysis of variance and the post hoc
Tukey honestly significant difference test (a=.05).

Results. SEM-EDS and XRD analysis revealed successful ZDMA incorporation into the PMMA
matrix. DC% increased with the mass fraction of ZDMA, and no significant differences in
DC% values were found among each tested group (P=.554). ZDMA mass fraction at 1 wt%,
2.5 wt%, and 5 wt% enhanced its mechanical properties, but those at 7.5 wt% and 10 wt%
were reduced. The results of antibacterial experiments showed that ZDMA-modified PMMA
displayed antibiofilm capabilities. Quantitative real-time PCR indicated that the expression
levels of tested genes were significantly suppressed and that CCK-8 test indicated no
cytotoxicity.

Conclusions. ZDMA-modified PMMA exhibited antibacterial properties without its mechanical
properties being affected. ZDMA is a potential metal crosslinking monomer for the modification
of PMMA denture base resin. (J Prosthet Dent 2022;128:100.e1-e8)
Polymethyl methacrylate
(PMMA) is commonly used for
denture base resin.1,2 However,
this practical and versatile ma-
terial has drawbacks, including
poor impact strength and high
roughness.3 In recent years,
modifications of PMMA have
mainly involved reinforcement
with supplementary materials
and chemical modification,4,5

including reinforcement with
fibers and particles such as
aramid, nylon, and carbon
nanotubes.6,7 Research into
chemical modification is sparse.
The incorporation of rubber
into PMMA to form a PMMA-
rubber interpenetrating
network, which could enhance
impact strength and fracture
resistance, has been described,
but rubber-incorporated
PMMA is expensive, limiting
its application.8,9 Therefore,
further research on the chemi-
cal modification of PMMA is

necessary, involving the use of copolymers, crosslinkers,
and resins.

Zinc dimethacrylate (ZDMA) is a type of metal
crosslinking monomer of unsaturated carboxylic groups
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Figure 1. Chemical structure of zinc dimethacrylate.

Clinical Implications
Incorporating ZDMA into PMMA can enhance its
mechanical properties and provide it with
antibacterial properties without apparent
cytotoxicity. ZDMA may be a suitable monomer for
modifying PMMA denture base resin.
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can generate polymerization to form poly-ZDMA
(PZDMA).12,13 PZDMA can not only increase the
chemical crosslinking but also enhance physical cross-
linking and thus improve the mechanical properties.14,15

Apart from its chemical structure (Fig. 1), divalent Zn2+

has been reported to provide antibacterial activity.16-18

Therefore, ZDMA maybe an appropriate metal cross-
linker that can be used to modify PMMA.

The objective of the present study was to incorpo-
rate ZDMA into PMMA to combine the mechanical
and antibacterial capabilities of modified PMMA. The
research hypothesis was that the incorporation of
ZDMA into PMMA would provide antibacterial prop-
erty and would not adversely impact its mechanical
properties.

MATERIAL AND METHODS

For this in vitro study, ZDMA particles (Sigma-Aldrich)
were incorporated into the liquid of a commercially
available PMMA (room temperature polymerizing acrylic
for denture base; Nissin). ZDMA was added at 1 wt%,
2.5 wt%, 5 wt%, 7.5 wt%, and 10 wt% to the PMMA
monomer and mixed until completely dissolved. ZDMA-
modified PMMA was used for the experimental groups,
and unmodified PMMA for the control. In total, 6 groups
were characterized and mechanically tested.

For fracture interface observation and elemental
characterizations, specimens from each group were
examined with scanning electron microscopy (SEM)
and energy dispersive spectrometry (EDS) (Phenom
ProX; Thermo Fisher Scientific Inc). The structures and
phase compositions were performed by using X-ray
diffraction (XRD) (MiniFlex 600; Rigaku Corp). The
degree of C=C conversion (DC%) of the specimens
(n=5 per group) was evaluated by using a Fourier
transform infrared spectrometer (FTIR) (Nicolet iS5;
Thermo Fisher Scientific Inc).19 For each spectrum, 32
scans were recorded with resolution at 4 cm-1. DC%
values were calculated by considering the differences in
the peak heights of the absorption band that corre-
sponds to the C=C aliphatic bond at 1636 cm-1. The
height of the absorption band corresponding to the
C=O carbonyl bond at 1720 cm-1 was used as an in-
ternal standard.20 The DC% was calculated with the
following formula:
An et al
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Specimens (n=10 per group) with dimensions of
65×(10 ±0.2)×(4 ±0.2) mm were prepared for the 3-
point bend tests, and the sample size was estimated
based on a previous study.21 Flexural strength (s) and
elastic modulus (E) were tested in a universal material
testing machine (SPL-10KNA; Shimadzu Corp) with a
10-kN load cell, and the crosshead speed was 0.5 mm/
min with a span of 60 mm. The following formulas were
applied for the flexural strength and elastic modulus:
s=3FL/2bh2, E=(P/d) (L3/[4bh3]), where F=fracture load
(in N), L=length of the support span (in mm), b=width
of the specimen, h=height of the specimen (in mm),
P=the load divided by the displacement, and d=the
slope in the linear elastic region.

According to the results of the mechanical tests, the
maximummass fraction of ZDMA without compromising
the mechanical properties was 5 wt%. Therefore, the
following 4 groups were used for subsequent antibacte-
rial and cytotoxicity tests: the 1 wt%, 2.5 wt%, 5 wt%
ZDMA groups, and the control group.

For antibacterial experiments, the specimens of each
group were fabricated as Ø10×2-mm PMMA disks. The
antibacterial activity of the PMMA disks was evaluated by
using Streptococcus mutans (S. mutans) (ATCC UA159).
Saliva was collected from 20 healthy adult donors after
this study had been approved by the Ethics Committee of
Beijing Institute of Dental Research under opinion
number KQYY-202103-004. The S. mutans biofilm for-
mation assay was performed by incubating with salivary
pellicle as specified by the biofilm monoculture test re-
ported by Zhang et al.22,23 Specimens with S. mutans
biofilms (n=5 per group) were harvested by scraping and
sonication. The obtained biofilm suspensions were seri-
ally diluted, and 20 mL of diluted suspension was drop-
ped onto Brain Heart Infusion agar plates (Gibco;
Thermo Fisher Scientific Inc) to be incubated at 37 �C for
24 hours in anaerobic conditions. After 24 hours, the
colonies on the plate were counted for data analysis. The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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Table 1. Primers of target and housekeeping genes

Genes Primers

gyrA-F 50-ATTGTTGCTCGGGCTCTTCCAG-30

gyrA-R 50-ATGCGGCTTGTCAGGAGTAACC-30

gtfB-F 50-CACTATCGGCGGTTACGAAT-30

gtfB-R 50-CAATTTGGAGCAAGTCAGCA-30

gtfC-F 50-GATGCTGCAAACTTCGAACA-30

gtfC-R 50-TATTGACGCTGCGTTTCTTG-30

gtfD-F 50-TTGACGGTGTTCGTGTTGAT-30

gtfD-R 50-AAAGCGATAGGCGCAGTTTA-30

10

(101)

(200) PDF #16-1140

15 20 25 30 35 40 45 50

Control
1 wt% ZDMA

2.5 wt% ZDMA
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10 wt% ZDMA

55 60

Figure 2. X-ray diffraction spectra of each group.
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bromide (MTT) assay kit was used to investigate the
metabolic activities of the S. mutans biofilm in each group
by measuring the optical density (n=5 per group). A
higher absorbance is related to a higher concentration of
formazan crystals, indicating a higher metabolic activ-
ity.24 The biofilm-coated specimens of each group (n=5
per group) were used to observe S. mutans adhesion and
biofilm morphology by SEM. The biofilm-coated speci-
mens of each group (n=5 per group) were dyed with the
BacLight LIVE/DEAD kit (L13152; Thermo Fisher Sci-
entific Inc). Quantitative real-time PCR (qRT-PCR) was
applied to analyze the effect of ZDMA-modified PMMA
on the expression levels of the S. mutans virulence trait-
related genes, including gtfB, gtfC, and gtfD. GyrA was
used as the internal control. Specific primers for target
genes are listed in Table 1. RNA extraction and reverse
transcription were performed as described before.25 The
CFX96 Real-Time System (C1000 Thermal Cycler; BioRad
Laboratories) was used to perform qRT-PCR by using the
same thermocycling conditions described as Zheng et al’s
protocol.26 All experiments were repeated 3 times
independently.

The ratio of the specimen surface to the medium
volume was 1.25 cm2/mL, and the specimens were eluted
with fresh Dulbecco Modified Eagle Medium (DMEM)
(Gibco; Thermo Fisher Scientific Inc) with 10% fetal
bovine serum at 37 �C for 24 and 48 hours. The cyto-
toxicity experiment was performed in Mouse fibroblast
L929 cells (ATCC CRL-1658), cultured in DMEM, and
supplemented as described previously.27 After prolifera-
tion, 100-mL aliquots of the various extracts obtained
from the 4 groups were added to 96-well plates. After
incubation for 1, 3, and 5 days, a cell counting kit (CCK)-
8 assay was performed as described previously.28 Sub-
sequently, a microplate reader (SpectraMax M5 Multi-
Mode Microplate Reader; Molecular Devices) was used
to measure OD values at a wavelength of 450 nm. Cell
cytotoxicity was evaluated according to cell viability:
Cell viability=[OD(t)-OD(blank)]/[OD(nc)-OD(blank)]×100%,
where OD(t) is the OD value of the control and experi-
mental groups, OD(nc) is the OD value of the negative
control group, and OD(blank) is the OD value of DMEM
medium.
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Statistical analysis was performed by using a statistical
software program (IBM SPSS Statistics, v22.0 for Win-
dows; IBM Corp). The data were analyzed to verify
normal distribution and variance homogeneity. Depen-
dent variables were evaluated by 1-way analysis of
variance followed by the Tukey honestly significant dif-
ference post hoc test (a=.05).

RESULTS

As shown in Figure 2, the XRD spectra of all groups
generally matched the inorganic substance of the PMMA,
and the experimental groups showed strong diffraction
peaks at the 2q angle of 9.92 and 11 degrees corre-
sponding to the characteristic peaks of ZDMA (ICDD
card: 16-1140). Representative SEM images of the frac-
ture interface and EDS for element composition analysis
of each group are shown in Figure 3. SEM images from
the 1-wt%, 2.5-wt%, and 5-wt% ZDMA groups showed
a smooth fracture interface, similar to that of the control
group. Irregular fracture surfaces were observed in the
7.5-wt% and 10-wt% ZDMA groups. For all groups, the
main elemental compositions were carbon and oxygen.
With the addition of ZDMA, the proportion of zinc
increased. Table 2 shows the results of DC%. ZDMA
mass fraction at 1 wt%, 2.5 wt%, 5 wt%, 7.5 wt%, and 10
wt% had statistically similar DC% values (P=.554).

Table 3 displays the results of mechanical properties.
Increasing the ZDMAmass fraction from 1 wt% to 5 wt%
was associated with improved mechanical properties.
The flexural strength of the 5-wt% ZDMA group was
increased by approximately 5.6% compared with that of
the control group (P<.05). No statistically significant
differences were found with the other groups (P>.05).
The elastic modulus of the 5-wt% ZDMA group
increased by 24.9% compared with that of the control
group. Statistically significant differences were found
with the control, 1-wt%, and 2.5-wt% ZDMA groups
(P<.001). The 7.5-wt% and 10-wt% ZDMA groups
An et al
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Figure 3. Representative scanning electron microscopy images and energy dispersive spectrometry analysis of fracture interface for each group.

Table 2.Means ±standard deviations for degree of C=C conversion of
each group (n=5)

Group Degree of C=C Conversion (%)

Control (unmodified PMMA resin) 82.5 ±1.9

1 wt% ZDMA 83.5 ±2.1

2.5 wt% ZDMA 84.4 ±2.9

5 wt% ZDMA 84.9 ±2.4

7.5 wt% ZDMA 83.1 ±4.3

10 wt% ZDMA 82.1 ±1.8

PMMA, polymethyl methacrylate; ZDMA, zinc dimethacrylate.

Table 3.Means ±standard deviations for flexural strength and elastic
modulus of each group (n=10)

Group
Flexural Strength

(MPa)
Elastic Modulus

(GPa)

Control (unmodified PMMA
resin)

103.9 ±1.1 3.1 ±0.2

1 wt% ZDMA 105.7 ±0.7 3.3 ±0.1a

2.5 wt% ZDMA 106.9 ±1.6 3.4 ±0.07a

5 wt% ZDMA 109.8 ±4.1ab 3.9 ±0.02abc

7.5 wt% ZDMA 87.3 ±2.5abcd 2.9 ±0.08bcd

10 wt% ZDMA 79.6 ±1.8abcde 2.8 ±0.2abcde

PMMA, polymethyl methacrylate; ZDMA, zinc dimethacrylate. Different letters in each
column indicate significant differences (P<.05).
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showed weaker mechanical properties than the control
group and ZDMA-modified PMMA, and the 7.5-wt%
and 10-wt% ZDMA groups were eliminated from the
experimental groups. The following 4 groups were used
for subsequent testing: the 1-wt%, 2.5-wt%, 5-wt%
ZDMA, and the control groups.

The bacterial colonies of the control group were
denser than those of the experimental groups (Fig. 4).
S. mutans growth in the control group was about 2-fold
higher than that in the 5-wt% ZDMA group (P<.01).
The metabolic activity of S. mutans biofilm in each group
is displayed in Figure 5. With increased ZDMA, absor-
bance decreased, indicating a lower metabolic activity.
The absorbance of the 5-wt% ZDMA group (0.22 ±0.01)
was the lowest, and there was a significant difference
from the control group (P<.001). The morphology of
S. mutans biofilm in each group is displayed in Figure 6.
An et al
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The body of S. mutans in the control group was smoother
and more plump, with individual organisms arranged in
chains and interlaced with each other. The 5-wt% ZDMA
group was the least abundant, the membrane of
S. mutans ruptured, and part of the bacterial body was cut
and split (as shown by the black arrow in Figure 6).
Representative live/dead staining images of the S. mutans
biofilms in each group are seen in Figure 7. The live
bacteria were stained green, bacteria with compromised
membranes were stained red, and the overlap of live and
compromised membranes was stained orange. The con-
trol group was covered with primarily live bacteria with
green staining. With the increase of ZDMA, the biofilms
consisted of primarily dead bacteria with red and orange
staining. The expression fold changes of gtfB, gtfC, and
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Figure 4. Bacterial colonies and means ±standard deviations for biofilm formation of each group (*P<.05, **P<.01, and ***P<.001).
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Figure 5. Means ±standard deviations for S. mutans biofilm viability on
specimens of each group (*P<.05, **P<.01, and ***P<.001). S. mutans,
Streptococcus mutans.
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Figure 6. Representative scanning electron microscopy images of
S. mutans biofilms on specimens of each group. S. mutans, Streptococcus
mutans. Black arrows indicate that the membrane of S. mutans in the 5 wt
% ZDMA group ruptured, and part of the bacterial body was cut and split.
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gtfD of S. mutans in each group are shown in Figure 8.
Compared with the gene expressions in the control
group, all those of these tested genes were down-
regulated after treatment with ZDMA-modified PMMA,
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especially for gtfD, whose expression level was decreased
by nearly 50% (P<.001).

The cell viability of L929 cells cultured in the extract of
each group for 1, 3, and 5 days is plotted in Figure 9. The
cell viability of the extract at 24 hours increased with
culturing time, and all values were above 90%. With the
increase of ZDMA, the cell viability decreased slightly
compared with that of the control group, and the viability
An et al
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Figure 7. Representative live/dead staining images of S. mutans biofilms on specimens of each group. S. mutans, Streptococcus mutans.
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Figure 8. Expression of gtfB, gtfC, and gtfD genes of S. mutans in response to each group. Gene expression quantified via qRT-PCR, with gyrA as internal
control (*P<.05, **P<.01, and ***P<.001). qRT-PCR, quantitative real-time PCR; S. mutans, Streptococcus mutans.
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in the 5-wt% ZDMA group dropped by up to 5%. The
cell viability of the extract at 48 hours displayed a similar
trend, and all values were above 95%. All extracts were
considered noncytotoxic according to the International
Organization for Standardization (ISO) 10993-5 standard
with relative viabilities all above 90%.29

DISCUSSION

ZDMA provided antibacterial action to the modified PMMA
denture base resin and also enhanced its mechanical
properties without affecting biocompatibility. The XRD
spectra confirmed the presence of ZDMA in all experimental
groups.11,30 DC% is directly related to the mechanical
properties of dental materials.31 Appropriate incorporation
(1 wt%, 2.5 wt%, and 5 wt%) of ZDMA positively increased
the DC% value, and its flexural strength and elastic modulus
were also enhanced, possibly because ZDMA increased the
network fabric between the methacrylate comonomers.12,15

Free radicals produced by room-temperature-polymerizing
acrylic resin can not only initiate methyl methacrylate
polymerization to form PMMA chains but also open the
C=C double bond of ZDMA, thus increasing reticulation
overall.10,32 However, excess ZDMA led to incomplete
polymerization and was distributed unevenly in the PMMA
matrix, adversely impacting the mechanical properties.
THE JOURNAL OF PROSTHETIC DENTISTRY
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The reduction of S. mutans adhesion and metabolic
activity can be explained by the antibacterial property
exerted by the divalent Zn2+ ionically bonded to ZDMA.
The antibacterial mechanism of Zn2+ is assumed to be
from the reaction of positively charged metal ions with
negatively charged proteins or enzymes on the surface of
the bacterial membrane, causing the membrane to loosen
and the cell wall to breakdown, in turn, affecting biofilm
adhesion and generation.17,18 As displayed in the SEM
and the live/dead staining images (Figs. 6, 7), the amount
of S. mutans in the 5-wt% ZDMA group decreased, and
the morphology changed to include cell wall breakdown,
cell content outflow, and bacterial debris, implying that
the possible biofilm inhibitory mechanism may be from
electrostatic interactions.

Glucosyltransferases (Gtfs) are the essential enzymes
mediating the glucan synthesis of S. mutans.33 Results in
the present study revealed that ZDMA-modified PMMA
reduced the adhesion and generation of S. mutans biofilm
and downregulated related gene (gtfB, gtfC, and gtfD)
expression levels (Fig. 8). The biofilm of the exopoly-
saccharides containing negative ions can aggregate with
the Zn2+, forming a static electric field, impacting glucans
generation, and therefore inhibiting biofilm forma-
tion.16,34 The divalent Zn2+ in ZDMA plays an essential
role in antibacterial effects and may contribute to the
suppression of gtf-related genes.

In addition to meeting the requirements of mechan-
ical properties and antimicrobial activity, favorable
biocompatibility should also be a quality for ideal dental
materials. ZDMA-modified PMMA did not show cyto-
toxicity against L929 fibroblast cells (Fig. 9) in the present
study. Further studies may be performed to evaluate the
cytotoxicity of the present experimental materials in other
cell lines or animal experiments.

Limitations of the present study included the in vitro
design and the antibacterial testing. The single bacterial
biofilm model cannot simulate complex and heteroge-
neous oral circumstances. Further studies are required to
determine the antibacterial efficacy, such as constructing
a multiple-bacterial biofilm model. Additionally, further
studies should be conducted to evaluate other properties
of the ZDMA-modified PMMA, including bonding po-
tential to denture teeth, ion leaching, color change, and
water sorption.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. ZDMA-modified PMMA resin tested reported
antibacterial property against S. mutans without
cytotoxicity.

2. Appropriate mass fraction of ZDMA incorporated
into PMMA can enhance its mechanical properties.
An et al
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3. ZDMA is a potential reactive agent that can be used
to modify PMMA.
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