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Abstract: In recent years, the incidence of hospital-acquired infections has been increasing, which may be
caused by the emergence of antibiotic-resistant bacteria. A solution to this problem may be the synthesis of
composites containing the addition of compounds with antimicrobial properties, which can form a covering
layer. They can limit the spread of bacteria and also reduce the formation of biofilm on the surface of equipment.
The optimization of the polymer composition of methacrylate-based composites modified with zinc oxide was
identified as the main objective of the research presented in this article. With the use of ATR/FT-IR technique, the
structure and qualitative evaluation of the obtained composite materials were performed. The modified com-
posites’ thermal resistance and decomposition process were also determined. The antimicrobial potential of the
polymers against Gram-negative bacteria (Pseudomonas aeruginosa ATCC 27853 and Escherichia coli ATCC 25922)
and Gram-positive bacteria (Staphylococcus aureus ATCC 25923) was determined with a modified disk diffusion
method, the serial dilution method and the method with TTC. It was observed that incorporating zinc oxide into
the structure of the described polymers significantly increased the antimicrobial potential of the composites and
reduced bacterial biofilm formation on their surface. In the case of the effect of composite materials on P. aer-
uginosa, the largest zone of growth inhibitionwas determined for BPA.DM+AEH+ 10 %ZnO, for E. coli, the largest
zone of growth inhibition was 0.6 cm for BPA.DM + NVP + 10 %ZnO, and for S. aureus it was also 0.6 cm for
BPA.DM + NVP + 10 %ZnO. Notably, all the materials exhibited antibacterial activity upon contact with bacterial
cells. Assessing the percentage of bacterial growth inhibition revealed that had the greatest effect on P. aeruginosa
was observed with BPA.DM + MMA + 10 % ZnO (49.7 % ± 0.5 % after 12 h and 49.9 % ± 2.1 % after 24 h) and
BPA.DM + NVP + 10 % ZnO (62.4 % ± 2.4 % after 12 h). The other materials with the greatest effect on E. coli were
BPA.DM + AEH (46.0 ± 3.1 % after 12 h and 48.0 ± 0.9 % after 24 h), BPA.DM + AEH + 10 % ZnO (46.7 ± 2.3 % after
12 h) andBPA.DM+NVP (53.5± 2.2 % after 24 h). Against S. aureus, the highest percentage of growth inhibitionwas
determined for BPA.DM+MMA (56.3 % after 24 h), BPA.DM+HEMA (48.6 % after 24 h), and BPA.DM+NVP (47.9 %
after 24 h).
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Introduction

In recent decades, there has been a significant development ofmultidrug-resistantmicroorganisms, representing
a significant threat to humans. Multidrug resistance is a phenomenon in which microorganisms show ineffec-
tiveness or resistance to the action of traditionally used drugs with different categories, methods of activity, or
different structures.

The World Health Organization, in its studies, in its studies confirms that such micro-organisms can protect
themselves against the activity of one or a combination of antimicrobials agents, resulting in the wider spread of
pathogens. According to reports, approximately 70 % of micro-organisms indicate resistance to one or more
conventionally used pharmaceuticals. As a result, treating infections caused by these microorganisms and
stopping their spread with commonly known antibiotics becomes very problematic.1 The problem concerns not
only typical biomedical but also industrial applications, e.g. the formation of bacterial biofilm on the surfaces of
industrial devices or everyday objects.2 Approximately 25 % of hospital infections are caused by antibiotic-
resistant bacteria. It is extremely important to restrict the use of antibiotics in order to minimize risks to public
health. There are currently numerous studies underway to reverse resistance and prevent the spread of resistant
bacteria.3–6

A trend in research to solve this problem is the use of nanoparticles characterized by different sizes, shapes,
and types of antimicrobial properties. This provides a very promising alternative to the traditional therapies
used. Nanoparticles may be prepared using physical as well as chemical and biological methods. The type of
method being used depends on the intended function of the chemical compound. Nanoparticles can be a
promising alternative against bacteria, fungi, yeast, mold, or multidrug-resistant microorganisms.7–10

Modified silver, gold, zinc oxide, iron oxide, or titanium dioxide nanoparticles are used for various anti-
microbial applications.11–15 Their mechanism of activity is based on different theories or approaches. Nano-
particles could adhere to a bacterial cell, which results in changes on its surface. This phenomenon results in a
more permeable cell membrane and allows nanoparticles to penetrate the bacterial cell, which in the final stage
results in cell death. The secondmechanism presented is the production of reactive forms of nanoparticles, which
can increase the porosity of the cell membrane. The consequence of such a process is cytoplasmic leakage,
resulting also in cell death. Nanoparticles of metals, as well as metal oxides, have an increased affinity for
phosphorus and sulfur-containing biomolecules, which are commonly present in the bacterial cell.16–20

Zinc oxide is one of the best-known and widely studied in the context of its antimicrobial effect material
belonging to the metal oxides group. The conducted studies suggest that it is highly functional, with a wide
potential for application in various fields. ZnO nanoparticles of different shapes are characterized by different
properties. These include chemical and photochemical stability, anti-inflammatory effects, and beneficial effects
on wound healing. In addition, it has the ability to filter ultraviolet radiation, which makes them perfect com-
ponents of cosmetics or sunscreen lotions. Zinc oxide has very good antibacterial and antifungal properties.21–25

Zinc oxide exhibits antimicrobial potential, which is expressed by three mechanisms of activity. The first is
the production of reactive oxygen species, which is the result of the semiconducting properties of zinc oxide.26,27

The other possibility of the total destabilization ofmicrobial membranes consisted of lipids and proteins, which is
observed after direct contact of metal nanoparticles with the bacterial cell.28,29 The last way is the direct reaction
of zinc ions released by ZnO in an aqueous environment.30,31

The aim of this study was the synthesis of a new composites for biomedical application containing amodifier
(in this case zinc oxide) with antimicrobial properties confirmed in the literature. The composites contain
bisphenol A glycerolate dimethacrylate as the crosslinking monomer. Synthesis of composites using commer-
cially availablemonomerswith the addition ofmodifiers possessing antimicrobial propertiesmay bring potential
practical benefits. The resulting composites should exhibit good thermal resistance and inhibitory effects when in
contact with microorganisms, as well as reducing biofilm formation on their surface. Their use, among other
things, as coatings for various surfaces may result in saving time associated with systematic disinfection, as well
as reducing the spread of microorganisms. The structure and qualitative evaluation of the obtained composites
were conducted with the use ATR-FT/IR spectroscopy. The antimicrobial potential of the estimated materials was
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also analyzed. For this purpose, amodification of the disc diffusionmethod and themethod of successive dilutions
were used. The possibility of biofilm formation on the surface of the tested composites was also determined.

Materials and methods

Materials

Chemical materials

Bisphenol A glycerolate dimethacrylate (BPA.DM), 1-Vinyl-2-pyrrolidone (NVP), methyl methacrylate (MMA),
2-hydroxyethyl methacrylate (HEMA), 2-ethylhexyl acrylate (AEH) and 2,2-dimethoxy-2-phenylacetophenone (IQ)
were purchased from Sigma-Aldrich. Zinc oxide (ZnO) was obtained from Chempur.

Biological materials

In this research, reference strains of bacteria were use: Escherichia coli ATCC 25922, Staphylococcus aureus ATCC
25923, and Pseudomonas aeruginosa ATCC 27853. The biological material used in the study came from the
American Type Culture Collection (ATCC) (LGC Standards, Poland).

Preparation of composites

In a 100 ml glass beaker, 8.4g of BPA.DM and 3.6g of one of the comonomers (AEH, MMA, NVP or HEMA) were
placed. The mass ratio of comonomers to Bisphenol A glycerolate dimethacrylate was 3:7. The monomer mixture
was then transferred to a heating chamber heated to 65 °C for venting. Zinc oxide was added to the mixture in
amounts of 1, 5, and 10 wt.% with relation to the weight of the monomer mixture. A composite without a modifier
was also prepared as a control sample. UV initiator – IQ was also added in an amount of 1 wt.% for the composite
without modifier and containing 1 wt.% ZnO or 2 wt.% for the composite with 5 wt.% ZnO and 3 wt.% for the
material with 10 wt.% ZnO. The whole mixture was again mixed thoroughly. The contents of the beaker were
transferred to glass moulds which were covered with an anti-stick product and equipped with a Teflon spacer.
The moulds were transferred into a chamber equipped with 160W mercury lamps for 30 min. Then, for whole
crosslinking, the molds were transferred to a heating chamber to 85 °C for 4 h. The composite without modifiers
was colorless, while those containing zinc oxide were progressively whiter and less transparent with increasing
amounts of modifier. In this way, 16 composite materials were obtained. The structure of the monomers used is
presented in Fig. 1.

Methods

Chemical methods

ATR/FT-IR (Attenuated Total Reflectance Infrared Spectroscopy) analysis was carried out to verify the chemical
structure of obtained materials with using A Bruker FT-IR TENSOR 27 spectrophotometer (Bruker GmbH, Man-
nheim, Germany). Powdered composite samples were used. Analysis was performed in the wavelength range
from 4000 to 600 cm−1 in absorbance mode, with 32 scans for each sample.

Using the Netzsch STA 449 F1 Jupiter thermal analyser (Netzsch, Selb, Germany), the thermal stability (TG/
DTG) of the composite materials was investigated. A spectroscopic analysis of the gases emitted during the
degradation of the samples was also performed. Analysis parameters: temperature range: 25–600 °C, heating rate
10 °C/min, helium atmosphere 20 cm3/min, sample mass ∼15 mg, an empty crucible with Al2O3 was used as a
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reference sample. With the use a Netzsch 204 DSC calorimeter (Netzsch, Günzbung, Germany), a differential
scanning calorimetry analysis was carried out. Dynamic scans were performed assuming the following analysis
parameters: sample mass ∼10 mg; temperature range: first stage from 25 to 200 °C, second stage cooling to −50 °C,
third stage heating to 550 °C; temperature increase 10 °C/min.2.3.2. Biological tests.

Two strains of Gram-negative bacteria: E. coli (ATCC 25922) and P. aeruginosa (ATCC 27853) and a Gram-
positive bacterial strain: S. aureus (ATCC 25923) were used to identify the antimicrobial properties of the com-
posites. All composite fragments were UV-sterilized for 10 min on each side before biological experiments.

Antimicrobial potential tests on agar plates
20 mL of sterile Mueller-Hinton agar medium was placed in Petri plates and allowed to solidify. Overnight
bacterial cultures (24 h) were prepared. The concentration of bacteria was 0.5 McFarland. 200 µL of each ino-
culumsuspension was transferred on the plates and spread thoroughly over the entire surface of the agar
medium. Then composite materials with dimensions 1×1 cm were placed in the middle of the prepared agar
plates. The plates with composites were placed in a laboratory incubator (37 °C) for 24 h. Control samples were
prepared in an identical procedure using polymers without zinc oxide. Three replicates were performed for each
compositematerial. Thematerials were then removed from the plate surface and the size of the growth inhibition
zone was measured using a manual calliper. Additionally, the plates were archived using GBox (Syngene) scans.

Antimicrobial potential tests in liquid cultures
2.5 mL of Mueller-Hinton liquid mediumwas placed in sterile 12-well cell culture plates. Young bacterial cultures
of E. coli (ATCC 25922), P. aeruginosa (ATCC 27853), and S. aureus (ATCC 25923) were prepared with a bacterial
concentration of 0.5McFarland. Afterward, 100 µL of the appropriate bacterial suspensionwas added to eachwell
and composites were placed in the wells. A control test was carried out using a culture medium inoculated with
bacterial cultures, in which a polymer containing no zinc oxide as a modifier was placed. The initial optical
density value was measured on a plate reader (Tecan SPARK) at 600 nm. Then all cultures were incubated in a
laboratory incubator at 37 °C, for 12 h. In the next step, 100 µL of fluid from each culture was transferred into a 96-
well plate and the optical density at 600 nmwasmeasured. Each sample was performed in triplicate. The process
was repeated after 24 h. The % of growth inhibition was determined from the formula: 100-(ODp/ODk) × 100 %,
where ODk is the OD of the control sample and ODp is the OD of the test sample. After measuring optical density,

Fig. 1: Chemical structures of monomers [own study].
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20 µL of 1 % 2,3,5-triphenyltetrazolium chloride (TTC) solution was added to the wells and placed in a laboratory
incubator for 2 h at 37 °C. After this time, the survival of the bacteria was assessed.

Biofilm formation analysis
2.5 mL of Mueller-Hinton liquid mediumwas placed in sterile 12-well cell culture plates. Young bacterial cultures
of E. coli (ATCC 25922), P. aeruginosa (ATCC 27853) and S. aureus (ATCC 25923) were prepared with a bacterial
concentration of 0.5 McFarland. The composite plates were thoroughly washed with sterile distilled water to
remove all non-adherent bacterial cells. Then composites were transferred to a 12-well plate containing 2.5 mL of
Mueller Hinton medium and 100 µL of 1 % TTC solution was added. Three replicates were performed for each
composite material. After 24 h of incubation at 37 °C, the formation of bacterial biofilm on the surface of the
composites was visually assessed as a phenomenon unfavorable from the practical application point of view. The
presence of biofilm on the tested composite material fragments was assessed after thorough rinsing of the
materials to remove any unadsorbed bacterial cells. Only after this process were the composite samples placed in
a freshmedium enriched with TTC. In this case, the presence of red formazan (the presence of live, metabolically
active bacterial cells causes the reduction of TTC to red, insoluble formazan) could only result from the detection
of bacterial biofilm. The formation of a biofilm of bacteria indicates the adhesion of bacterial cells to the surface of
the composite, which is intended to cover countertops, medical equipment and other elements of the object.

Results and discussion

ATR/FT-IR

Using the ATR/FT-IR attenuated reflection technique, the structure of the obtained composite materials was
confirmed. The spectra are summarized in Figs. 2–5. Each spectrum showed a broad absorption band at 3450 cm−1,
which was attributed to stretching vibrations of the –OH group. The bands corresponding to 2959 cm−1 and
2929 cm−1 were attributed to stretching vibrations of the –CH3 and –CH2– groups. Stretching vibrations origi-
nating from the carbonyl group C=O were identified at a wavelength of 1727 cm−1. The bands 1630, 1607, and
1509 cm−1 corresponded to stretching vibrations of the aromatic ring ν(CArCAr). At 1459, 1420, and 1385 cm−1,
deformation vibrations of the methyl and methylene groups were observed. The bands corresponding to
wavelengths 1243, 1164, and 1042 cm−1 originated from C–O–C stretching vibrations. Out-of-plane γ(CArH)

Fig. 2: ATR/FT-IR spectra of AEH-
containing composites.
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vibrations from benzene rings occurred at a wavelength of 828 cm−1. A correlation was observed indicating that
the intensity of the bands on the ATR/FT-IR spectrum increased with increasing amounts of filler.

The presence of such groups in compounds based on methacrylates but not containing zinc oxide was
confirmed by the authors of thework.32–34 It was observed that increasing the addition of zinc oxide increased the
intensity of bands on the spectrum.

TG/DTG analysis

Using thermogravimetric analysis, the thermal properties of composites were confirmed. TG/DTG curves of
composites containing AEH are summarized in Figs. 6 and 7 and Table 1. The temperatures associatedwith amass
loss of 2 %, 5 %, and 50 % (T2%, T5%, T50 %, respectively) and the temperature of maximum decomposition (Tmax)
were determined for all composites. RM residual mass values were also determined. The AEH-containing

Fig. 3: ATR/FT-IR spectra of MMA-
containing composites.

Fig. 4: ATR/FT-IR spectra of
HEMA-containing composites.
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composites decomposed in a single step, which was further confirmed by the DTG curves. The temperature of the
2 % mass loss oscillated in the range 169.6–272.0 °C. In contrast, the 5 % initial mass loss was in the temperature
range of 281.2–330.9 °C. In both examples, the lowest temperature was assigned to the composite modified with
10 % ZnO, while the highest temperature was assigned to the composite containing nomodifier. 50 % of the initial
mass of the composite decomposed in the range 393.6–402.0 °C, while themaximum decomposition was observed
at temperatures 395.4–406.9 °C. The residual mass was between 2.76 and 6.27 %. The higher the modifier con-
centration in the composite, the higher the residual mass was at the end of the analysis. Thermal tests (TG) on the
composite containing AEH modified with zinc oxide were partially published in the monograph chapter.35

For MMA-containing composites, a one-step decomposition was observed, as confirmed by the DTG curves
(Figs. 8 and 9 and Table 2). The determined temperatures of 2 % initial weight loss ranged from 200.5 to 254.2 °C.
5 % mass loss was observed in the range of 273.0–295.2 °C. 50 % mass loss was determined in the temperature
range 388.6–411.0 °C. The temperature ofmaximumdecomposition of the composites varied in the range of 394.1–
417.1 °C. The composite BPA.DM + MMA + 5 %ZnO had the lowest temperature values, while the composite
containing 10 % zinc oxide had the highest. The residual masses remaining after the combustion process were

Fig. 5: ATR/FT-IR spectra of NVP-
containing composites.

Fig. 6: TG curves of AEH-
containing composites.
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also determined. These resulted in values of 3.81–7.22 %. The highest value corresponded to the composite
BPA.DM + MMA + 10 %ZnO.

TG and DTG graphs, as well as numerical data obtained for composites containing HEMA, are shown in
Figs. 10 and 11 and Table 3. The temperatures corresponding to 2 %weight loss of the composites ranged from 183.6
to 261.1 °C and 5 %weight loss from 263.1 to 309.4 °C. 50 % weight loss was determined for temperatures of 390.0–
419.0 °C. Maximum decomposition of HEMA-based composite materials took place in the range 396.6–422.5 °C.
Residual masses were highest for this type of composite and ranged between 11.32 and 17.66 %.

Fig. 7: DTG curves of AEH-
containing composites.

Table : TG and DTG data for AEH-containing composites.

Composite T2%; (°C) T5% (°C) Tmax (°C) T50% (°C) RM (%)

BPA.DM + AEH . . . . .
BPA.DM + AEH + %ZnO . . . . .
BPA.DM + AEH + %ZnO . . . . .
BPA.DM + AEH + %ZnO . . . . .

Fig. 8: TG curves of MMA-
containing composites.
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For NVP-containing composites, the temperatures associatedwith 2 % initial weight loss ranged from 139.0 to
185.9 °C,while 5 %weight loss ranged from 186.3 to 237.0 °C. 50 %mass losswas observed in the temperature range
of 404.3–421.8 °CTable 4. The temperature ofmaximumcomposite decompositionwas in the range 409.4–430.9 °C.
The composite with no modifier added had the highest temperature, while the composite containing 10 % zinc
oxide had the lowest temperature. The residual masses remaining after the combustion process ranged from
5.87 % to 19.51 %. The highest mass was observed for the composite containing 10 % zinc oxide as a modifier. The
only composite that degraded in two stages was BPA.DM +NVP + 10 %ZnO, the first degradation temperature was
231.9 °C, and the second 409.4 °C (Figs. 12 and 13).

Fig. 9: DTG curves of MMA-
containing composites.

Table : TG and DTG data for MMA-containing composites.

Composite T2% (°C) T5% (°C) Tmax (°C) T50% (°C) RM (%)

BPA.DM + MMA . . . . .
BPA.DM + MMA + %ZnO . . . . .
BPA.DM + MMA + %ZnO . . . . .
BPA.DM + MMA + %ZnO . . . . .

Fig. 10: TG curves of HEMA-
containing composites.
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The least thermal resistant composite was BPA.DM + NVP + 10 %ZnO, for which the temperature related to
the loss of 2 % of initial weight was 139.0 C. The most thermally resistant was BPA.DM + AEH, for which the
temperature related to the loss of 2 % of initial weight was 272.0 C. No conclusive correlation was observed
between the zinc oxide content and the thermal resistance of the tested material. The main effect on the thermal
resistance of the materials was shown by the comonomer used.

TG-FTIR analysis

For the AEH-containing composite as an active diluent, maximum decomposition temperature were observed at
405.1 °C (BPA.DM + AEH – Fig. 14) and 399.5 °C (BPA.DM + AEH + 10 %ZnO – Fig. 15). The gases evolved at this
temperature correspond to the temperature at the emission maximum. The spectra of gaseous decomposition
products emitted during heating showed the presence of water molecules (stretching vibrations of the–OH group
3500–4000 cm−1, deformation vibrations of the –OH group 1300–1800 cm−1). In addition, bands originating from
carbon dioxide (stretching vibrations 2310–2350 cm−1 and deformation vibrations 600–700 cm−1). A band

Fig. 11: DTG curves of HEMA-
containing composites.

Table : TG and DTG data for HEMA-containing composites.

Composite T2% (°C) T5% (°C) Tmax (°C) T50 % (°C) RM (%)

BPA.DM + HEMA . . . . .
BPA.DM + HEMA + %ZnO . . . . .
BPA.DM + HEMA + %ZnO . . . . .
BPA.DM + HEMA + %ZnO . . . . .

Table : TG and DTG data for NVP-containing composites.

Composite T2% (°C) T5% (°C) Tmax1 (°C) Δm1 [%] Tmax2 (°C) Δm2 [%] T50 % (°C) RM (%)

BPA.DM + NVP . . – – . . . .
BPA.DM + NVP + %ZnO . . – – . . . .
BPA.DM + NVP + %ZnO . . – – . . . .
BPA.DM + NVP + %ZnO . . . . . . . .
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originating from the carbonyl group (1750–1790 cm−1), as well as a bands from stretching vibrations of themethyl
and methylene groups (2970 cm−1, 2885 cm−1) were visible. The bands observed in the range 1505–1603 cm−1

corresponded to symmetric and asymmetric stretching vibrations of the aromatic ring. In addition, a band
originating from Ar and Ar-H deformation vibrations was observed around 828 cm−1. Bands at 1120–1180 cm−1

corresponded to the stretching vibrations of C–O–C ester groups.
Figures 16–21 show the spectroscopic analysis of the gases released during the heating of the other composite

materials. A similar pattern of material decomposition reactions is observed.

DSC analysis

The curves of the DSC for composites containing AEH as a comonomer were quite similar (Fig. 22). One main
endothermic effect was visible in the temperature range of 366–399 °C. This effect was most probably corre-
sponded to the thermal decomposition of the samples. The highest temperature was observed for the composite
that contained nomodifier. As the amount of zinc oxide increased, the temperature value at which decomposition
of the sample occurred gradually decreased.

Fig. 12: TG curves of NVP-
containing composites.

Fig. 13: DTG curves of NVP-
containing composites.
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Fig. 14: ATR/FT-IR spectra and 3D diagram of FT-IR absorption of evolved gases for BPA.DM + AEH at the maxima of decomposition.

Fig. 15: ATR/FT-IR spectra and 3D diagram of FT-IR absorption of evolved gases forBPA.DM + AEH + 10 %ZnO at the maxima of
decomposition.

Fig. 16: ATR/FT-IR spectra and 3D diagram of FT-IR absorption of evolved gases forBPA.DM + MMA at the maxima of decomposition.
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Fig. 17: ATR/FT-IR spectra and 3D diagram of FT-IR absorption of evolved gases forBPA.DM + MMA + 10 %ZnO at the maxima of
decomposition.

Fig. 18: ATR/FT-IR spectra and 3D diagram of FT-IR absorption of evolved gases forBPA.DM + HEMA at the maxima of decomposition.

Fig. 19: ATR/FT-IR spectra and 3D diagram of FT-IR absorption of evolved gases forBPA.DM + HEMA + 10 %ZnO at the maxima of
decomposition.
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For composites containingMMA (Fig. 23), the addition of zinc oxide increased the decomposition temperature
of composites. In the DSC curves, as above, one endothermic effect was observed, indicating sample decompo-
sition. For the composite without the modifier, the decomposition temperature was 364 °C. The addition of 1 and

Fig. 20: ATR/FT-IR spectra and 3D diagram of FT-IR absorption of evolved gases for BPA.DM + NVP at the maxima of decomposition.

Fig. 21: ATR/FT-IR spectra and 3D diagram of FT-IR absorption of evolved gases for BPA.DM + NVP + 10 %ZnO at the maxima of
decomposition.

Fig. 22: DSC curves of AEH-containing composites.
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10 % ZnO increased the decomposition temperature value (to 379 °C and 383 °C, respectively), while the 5 %
addition slightly increased this value (to 369 °C).

A similar result as AEH materials was observed for composites containing HEMA (Fig. 24). The highest
decomposition temperature was recorded for thematerial that contained nomodifier (413 °C). On the other hand,
the higher the zinc oxide addition, the decomposition temperature of the material (for BPA.DM + HEMA + 10 %
ZnO – 359 °C) was lower.

The curveswere slightly different formaterials containingNVP (Fig. 25). Thefirst thermal effectwas observed
in the temperature range of 356–360 °C and could probably came from the decomposition of the composite
material. A second effect of lower intensity was observed in the temperature range of 484–500 °C and was
attributed to the probable decomposition of the modifier here.

Fig. 23: DSC curves of MMA-containing composites.

Fig. 24: DSC curves of HEMA-containing composites.

Fig. 25: DSC curves of NVP-containing composites.
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Determination of antimicrobial activity

All antimicrobial activity tests for composites modified with the addition of zinc oxide were examined against
selected strains of Gram-negative (P. aeruginosa and E. coli) and Gram-positive (S. aureus) pathogenic bacteria.

Antimicrobial potential tests on agar plates

In the first instance, tests were carried out using a modified disk-diffusionmethod. Results from themodification
of the disk-diffusion method on the composite containing AEH modified with zinc oxide for the bacteria P. aer-
uginosa and S. aureus were partially published in the monograph chapter.35 As was presented in the Table 5, all
composites containing AEH exhibited visible antimicrobial activity in contact with bacterial cells. For composites
that did not contain a modifier, growth inhibition was evident under the composite pieces. No characteristic
biofilm formation was observed on the surface on which the composite was placed. This indicated no bacterial
growth under the surface of the presented polymer probes. For thematerial containing 10 %ZnO, a diffusion zone
(zone of growth inhibition) was visible in the case of P. aeruginosa and E. coli strains, indicating the release of the
modifying agent into the substrate. The growth in the inhibition zone was 1.4 cm in P. aeruginosa case and 0.5 cm
in E. coli. For S. aureus the inhibitory effect of the composite was observed only in the contact area under the
composite pieces.

For the composite containing MMA as a solvent, a similar relationship was observed (Table 6). Composites
that did not contain a modifier presented antimicrobial activity in the area of direct contact with the composite
material. For the zinc oxide-modified composite, a bacterial growth inhibition zone for P. aeruginosa (0.5 cm) and
E. coli (0.3 cm) was identified. In the case of S. aureus, an antimicrobial effect was observed at the direct contact
area of the composite material.

In the case of both composites containingHEMA (Table 7), an inhibitory effect on the growth of the pathogenic
microorganisms testedwas evident on the surface onwhich the composites were placed. Furthermore, in the case
of the composite modifiedwith 10 % zinc oxide, zones of growth inhibition were also evident for all bacterial cells
tested. For P. aeruginosa and E. coli, the inhibition zone was 0.4 cm, while for S. aureus it was 0.1 cm.

Table : Antimicrobial activity of control-based and zinc oxide-containing AEH composites against pathogenic bacteria: P. aeruginosa, E. coli
and S. aureus using themodified disk-diffusionmethod. The pieces of composite were lifted to show the growth inhibition zones of bacteria
under the sample. Growth inhibition zones are given in cm.

Microorganism/composite P. aeruginosa E. coli S. aureus

BPA.DM + AEH

BPA.DM + AEH + %ZnO
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Similar to the composites shown previously, the NVP-containingmaterials exhibited antimicrobial activity in
the area of direct contact with bacteria. Modification of the materials with 10 % zinc oxide resulted with the
observation of growth inhibition zones around the surface where the composite fragment was located. For
P. aeruginosa, the inhibition zone was 0.7 cm, while for E. coli and S. aureus it was 0.6 cm. Results from the

Table : Antimicrobial activity of control-based and zinc oxide-containing MMA composites against pathogenic bacteria: P. aeruginosa, E.
coli and S. aureus using the modified disk-diffusion method. The pieces of composite were lifted to show the growth inhibition zones of
bacteria under the sample. Growth inhibition zones are given in cm.

Microorganism/composite P. aeruginosa E. coli S. aureus

BPA.DM + MMA

BPA.DM + MMA + %ZnO

Table : Antimicrobial activity of control-based and zinc oxide-containing HEMA composites against pathogenic bacteria: P. aeruginosa, E.
coli and S. aureus using the modified disk-diffusion method. The pieces of composite were lifted to show the growth inhibition zones of
bacteria under the sample. Growth inhibition zones are given in cm.

Microorganism/composite P. aeruginosa E. coli S. aureus

BPA.DM + HEMA

BPA.DM + HEMA + %ZnO
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modification of the disk-diffusion method on the zinc oxide-modified NVP-containing composite for the bacteria
P. aeruginosa, E. coli and S. aureus were partially published in the monograph chapter (Table 8).36

In the case of newly synthetized composites presented here all of them showed visible antimicrobial activity
in contact with bacterial cells. For the composite materials zinc oxide-modified composites, the largest growth
inhibition zones were observed in contact with P. aeruginosa and ranged from 0.4 cm to 1.4 cm. For E. coli, the
largestmeasured zonewas 0.6 cm (BPA.DM+NVP+ 10 %ZnO) and the smallestwas 0.3 cm (BPA.DM+MMA+ 10 %
ZnO). For S. aureus strain, growth inhibition zones were only visible for BPA.DM +HEMA + 10 %ZnO (0.1 cm) and
BPA.DM +NVP + 10 %ZnO (0.6 cm). The obtained results may indicate the probable release of zinc oxide, which is
a component of the described polymers, into the culturemedia and a direct impact on the growing bacterial cells.
This fact confirms the antiseptic properties of ions described in the literature.37–39 A similar effectwas observed in
the previous study published by Młynarczyk et al.40 when the antimicrobial potential of composites based on
bisphenol A diacrylate with 5 % zinc oxide additionwas determined. It was indicated that the inhibition zones for
E. coli were between 0.3 and 0.7 cm, while for S. aureus they were 0.2–0.6 cm. Tests conducted on zinc oxide-
impregnated paper discs performed by Gunalan et al.41 indicated that growth inhibition zones ranged from 1.0 to
1.6 cm42 in their study, presented research confirming that nanocomposites containing ZnO and chitosan showed
greater antimicrobial activity against Gram-negative bacteria than Gram-positive bacteria. In experiments
performed by Cheknev team43 the authors indicated zinc oxide did not show antimicrobial properties against
S. aureus. In the work Ibrahem et al.44 it was shown zinc oxide nanoparticles caused the formation of growth
inhibition zones for P. aeruginosa (2.5 cm) and S. aureus (2.8 cm). These results were similar to a study published
by M. Yousef and N. Danial.45

Antimicrobial potential tests in liquid cultures

Using the calculation formula presented in Section 2.3.2 of Materials and methods, the percentage of bacterial
growth inhibition was determined 12 and 24 h after the initiation of growth (Table 9). Grey color indicates
bacterial growth inhibition higher than 45.0 %. For P. aeruginosa, it was observed that for most composites the
bacterial growth inhibition value increases after 24 h. The exceptions were BPA.DM + AEH + 10 %ZnO and

Table : Antimicrobial activity of control-based and zinc oxide-containingNVP composites against pathogenic bacteria: P. aeruginosa, E. coli
and S. aureus using themodified disk-diffusionmethod. The pieces of composite were lifted to show the growth inhibition zones of bacteria
under the sample. Growth inhibition zones are given in cm.

Microorganism/composite P. aeruginosa E. coli S. aureus

BPA.DM + NVP

BPA.DM + NVP + %ZnO
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BPA.DM + NVP + 10 %ZnO, where the value after 24 h is lower than after 12 h of culture. A similar relation was
observed for S. aureus. Only in the case of BPA.DM + HEMA + 10 %ZnO and BPA.DM + NVP + 10 %ZnO a slight
reduction in the percentage of growth inhibition was determined. In the case of E. coli, it was observed for
BPA.DM+AEH, BPA.DM +HEMA and BPA.DM+NVP that the percentage growth inhibition value of the bacteria
increases after 24 h, whereas the value decreases for the other composite materials. For P. aeruginosa, the
highest percentage growth inhibition values were observed for BPA.DM + MMA after 24 h (73.4 ± 0.9 %) and
BPA.DM + NVP (59.4 ± 2.2 %). For E. coli, the values were higher after 12 h of culture, with the highest value for
BPA.DM + AEH + 10%ZnO (46.7 ± 2.3 %). For S. aureus, the highest % of bacterial growth inhibition was
calculated for BPA.DM +HEMA (48.6 ± 1.2 %) and BPA.DM +NVP (47.9 ± 2.0 %). These values were observed 24 h
after the start of culture. Interestingly similar values for P. aeruginosawere shown in the work of Chitra et al.46

In the work of Li et al.,47 antimicrobial PVC films coated with ZnO powder were shown to have antimicrobial
activity against Gram-positive and Gram-negative bacteria. The larger the contact area and the higher the ZnO
concentration, the antimicrobial activity of the ZnO nanoparticles increased accordingly. The authors deter-
mined the growth inhibition zone of E. coli and S aureus using ZnO-coated film and PVC film as a control. It was
observed that by increasing the concentration of ZnO nanoparticles from 93.75 μg/cm2 to 187.50 μg/cm2 the
inhibition zones increased too – by 2.3 mm for E. coli and 2.0 mm for S. aureus, respectively. These results
allowed the authors to conclude that Gram-negative bacteria, such as E. coli, show greater resistance to the
antimicrobial effect of zinc oxide nanoparticles than Gram-positive bacteria, such as S. aureus, or B. atro-
phaeus. The differences in this effect were explained by differences in the structure and thickness of the cell
wall between bacteria. In the case of the cell wall of Gram-positive bacteria, the normally thick homogeneous
cell wall consists mainly of peptidoglycan, which accounts for almost 80 % of its structure. In Gram-negative
bacteria, on the other hand, this layer makes up about 10 % of the cell wall. The peptidoglycan amount, as well
as the structure of the external wall, allows protection and also determines sensitivity to compounds with
antimicrobial properties. On the other hand,48 presented that, more than 90 % inhibition of bacterial growth
was obtained using zinc oxide nanoparticles against E. coli and S. aureus. The authors used zinc oxide nano-
particles synthesized in diethylene glycol substrates. Luria-Bertani medium containing ZnO nanoparticles was
used, on which cultures of E. coli and S. aureus were inoculated. After a 12-hour incubation at 37 °C, colony-
forming units (CFU) were enumerated. ZnO concentrations greater than 3.4 mM were shown to inhibit the
growth of E. coli, while concentrations greater than 1 mM prevented the growth of S. aureus. The number of
viable bacterial cells was shown to be reduced to less than 90 % of the initial number of CFU per mL after 12 h,
and the complete absence of cells was demonstrated after 24 h.

Table : Analysis of bacterial cell growth inhibition [%] in liquid cultures after  and  h of incubation in the presence of control-based
and zinc oxide-modified composites containing AEH, MMA, HEMA and NVP as solvent using the serial dilution method. Data presented as
mean value with SD. All experiments were performed in triplicates.

P. aeruginosa E. coli S. aureus

After 12 h After 24 h After 12 h After 24 h After 12 h After 24 h

BPA.DM + AEH . ± . . ± . . ± . . ± . . ± . . ± .
BPA.DM + AEH + %ZnO . ± . . ± . . ± . . ± . . ± . . ± .
BPA.DM + MMA . ± . . ± . . ± . . ± . . ± . . ± .
BPA.DM + MMA + %ZnO . ± . . ± . . ± . . ± . . ± . . ± .
BPA.DM + HEMA . ± . . ± . . ± . . ± . . ± . . ± .
BPA.DM + HEMA + %ZnO . ± . . ± . . ± . . ± . . ± . . ± .
BPA.DM + NVP . ± . . ± . . ± .. . ± . . ± . . ± .
BPA.DM + NVP + %ZnO . ± . . ± . . ± . . ± . . ± . . ± .
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Bacteria survival after contact with composite samples

The conversion of 2,3,5-triphenyltetrazolium chloride (TTC) to insoluble red 1,3,5-triphenylformazane (TPF)
depends on themetabolic activity of the bacteria. Thismethodmakes it possible to determine the concentration
of viable bacterial cells in solutions.49 Using the method with TTC, the survival rate of bacteria after contact
with the composite materials was determined. The results obtained are summarized in Table 10. The presence
of red-colored formazan was indicative of the presence of alive bacterial cells in the culture medium and the
intensity of its colour is directly proportional to the number of living cells present in the suspension. For
P. aeruginosa, no alive bacterial cells were observed. For both control and zinc oxide composites, no red
coloring was visible in the wells of the culture plate. For E. coli, red staining was only visible for composites that
did not contain the modifier. However, it should be noted that this staining was much less intense than for the
bacterial growth control. For S. aureus, alive bacterial cells were present in all wells of the culture plate. The
concentration of red formazan was less intense when the bacteria were in contact with composites that
contained the modifier – zinc oxide.

The result confirms that both composites containing no modifier and those containing zinc oxide signifi-
cantly reduce the number of viable bacterial cells in the solution. This was confirmed by the color of the
bacterial suspensions in the wells, which contained no red staining. This is particularly noticeable for P. aer-
uginosa. For both E. coli and S. aureus, the color of all suspensions was less intense than the control sample. This
allows us to conclude that the presence of zinc oxide in the composite material allows a significant reduction in
the metabolism of the bacterial cells and thus limits their viability.50 showed that the addition of zinc oxide to
cotton-polyester fabrics significantly reduces the viability of E. coli and Micrococcus luteus bacteria. The
presence of zinc oxide reduces the number of viable bacteria to approximately 70 %.51 described the use of TTC
to evaluate the antipathogenic activity of chitosan against Salmonella typhimurium and S. aureus. They pre-
sented the inhibitory concentration of chitosan was lower for S. typhimurium than for S. aureus, which may be
due to the lover activity of Gram-negative bacteria to reduce TTC to red formazan than for Gram-positive
bacteria.

Biofilm formation analysis

Using the method with TTC as a reaction substrate, the possibility of bacterial biofilm formation on the surface of
the tested composite materials was also determined Table 11. It was observed that the 10 % addition of zinc oxide
to the composite significantly reduced the presence of the bacterial biofilm on the surface of the tested samples in
comparison to control samples. In the case of P. aeruginosa, a small amount of biofilm was visible for
BPA.DM + AEH at the edges of the polymer’s samples, and this may be the consequence of sharp edges of
composites after the cutting process. Sharp and uneven edges promote increased adhesion of bacterial cells to
abiotic surfaces. For all other samples, very small red spots were visible, or the color was not noticeable at all. For
E. coli, a fairly significant red staining was visible on the surface of the composites containing NVP. For the
corresponding zinc oxide-modified composite, the amount of biofilm decreased significantly. The largest amount
of bacterial biofilm was observed for composites containing no zinc oxide in the case of S. aureus strain. Almost
the entire surface of the sample was stained red. In this case, the addition of zinc oxide also significantly reduced
bacterial biofilm formation.

Summarizing, the ability of the composites presented in this article to inhibit biofilm is extremely important.
This is because the removal of biofilm from various types of surfaces is extremely difficult. The mature form of a
biofilm is characterized by the presence of manymicrocolonies, in which the cells of the organism are connected
by an extracellular polymeric substance. This includes polysaccharides, proteins, nucleic acids or water, among
others. The cells inside the biofilm are specialized to perform different functions, often with different charac-
teristics to cells that live in free form. The construction, as well as the organization of these clusters, allows
microorganisms to be protected from adverse external influences. The composites presented in this paper
significantly reduced the ability of bacteria to form a biofilm on their surface. This was particularly evident in the
case of P. aeruginosa and E. coli strains. Both the base composite and the zinc oxide-modifiedmaterial practically
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Table : Detection of bacterial survival rate in the presence of control-based and zinc oxide-modifying composites containing AEH, MMA,
HEMA, and NVP as solvent using the method with TTC as a reaction substrate.

Microorganism/composite P. aeruginosa E. coli S. aureus

Growth control

BPA.DM + AEH

BPA.DM + AEH + %ZnO

BPA.DM + MMA

BPA.DM + MMA + %ZnO

BPA.DM + HEMA

BPA.DM + HEMA + %ZnO

BPA.DM + NVP

BPA.DM + NVP + %ZnO
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Table : Evaluation of the bacterial biofilm formation on the surface of control-based and zinc oxide-modified composites containing AEH,
MMA, HEMA, and NVP as solvent using TTC as reaction substrate.

Microorganism/composite P. aeruginosa E. coli S. aureus

BPA.DM + AEH

BPA.DM + AEH + %ZnO

BPA.DM + MMA

BPA.DM + MMA + %ZnO

BPA.DM + HEMA

BPA.DM + HEMA + %ZnO
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prevented biofilm formation, which was confirmed by the lack of red coloration resulting from the presence of
formazan. For S. aureus, the base composites showed no ability to inhibit biofilm layer formation. In contrast,
modification of these composites with zinc oxide resulted in the biofilm not being visible on their surface52

indicated that modification of polyvinyl chloride films with ZnO nanoparticles results in an approximately 55 %
reduction in biofilm formation concerning the control sample. They showed no significant difference between the
percentage of zinc oxide and biofilm reduction53 used composites containing nanosilver and chitosan. The most
sensitive microorganism to the nanosilver-chitosan composite was S. aureus. In both the exponential and sta-
tionary growth phases, a high bactericidal effect and inhibition of biofilm formation was obtained. For E. coli, it
was indicated that a greater inhibitory effect was seen in the logarithmic growth phase than in the stationary
phase. Similar results were observed for P. aeruginosa. It has been confirmed that the higher the concentration of
nanosilver in the composite material, the less bacterial biofilm formed on its surface,54 as well as55 indicated that
modification of materials with silver ions should show strong bactericidal activity against S. aureus, S. epi-
dermidis, P. aeruginosa and E. coli. They explain this by the fact that silver ions interact with cytoplasmic
components and nucleic acids, which contributes to the inhibition of respiratory chain enzymes and disrupts
membrane permeability. This also contributes to limiting the potential for biofilm formation56 indicated that
titaniumdioxide-modified implants can significantly inhibit bacteria, fungi and also prevent biofilm formation on
the implant surface. However, the activation of this compound only takes place after exposure to ultraviolet light.
Such properties are of great importance for the potential use of composites as protective layers on the surfaces of
objects in hospitals or public places.

As was mentioned previously, the mechanism of activity of zinc oxide against bacteria is not yet completely
understood. Penetration and disorganization of the cell membrane, which consists of proteins and lipids, is
indicated as one of the widely described potential mechanisms. This takes place upon contact with zinc oxide
nanoparticles and leads to inhibition of bacterial growth. In addition, zinc ions have the ability to bind to the cell
membranes of microorganisms. This results in a prolongation of the lag phase in the growth cycle of micro-
organisms.57,58 This activity can be compared to antibiotics of the polymyxin group. They are part of the poly-
peptide group of antibiotics. Polymyxins B and E have been used in clinical applications. These factors have an
effect on lipopolysaccharides which are important element of the outer membrane of the bacterial cell. As a
consequence, the normal functioning of the bacterial cell is disrupted and cell death occurs. This confirms the
bactericidal properties of polymyxins.59,60 It is also hypothesized that polymyxins have the ability to induce the

Table : (continued)

Microorganism/composite P. aeruginosa E. coli S. aureus

BPA.DM + NVP

BPA.DM + NVP + %ZnO
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uncontrolled formation and accumulation of hydroxyl radicals, which can damage DNA, lipids and also pro-
teins.61,62 The question is if suchmechanisms canbe attributed to the bactericidal properties of zinc oxide.While it
is true that the chemical mechanism of the zinc oxide reaction may be different, the action on the protein-lipid
membrane of the bacterial cell appears to be the same.

Conclusions

In conclusion, it can be said that the proposed new composites based on the methacrylates modified with the
addition of zinc oxide seem to be a good proposal of materials for widely practical applications. Their technical
parameters meet the requirements for this type of polymers and the addition of a component with documented
antimicrobial activity greatly expand the possibility of their application in both industry and biomedicine.
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