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 LIST OF ABBREVIATIONS 
BG:QAm:TEG copolymers comprising 40 wt.% Bis-GMA, 40 wt.% QAUDMA-m and 20 wt.% 

TEGDMA, where m corresponds to the number of carbon atoms in the N-alkyl 

substituent in QAUDMA-m 

BG:TEG copolymer comprising 60 wt.% Bis-GMA and 40 wt.% TEGDMA 

BG:UD:TEG copolymer comprising 40 wt.% Bis-GMA, 40 wt.% UDMA and 20 wt.% TEGDMA 

Bis-GMA bisphenol A glycerolate dimethacrylate 

Cm length of the N-alkyl chain in QAUDMA-m, where m corresponds to the number of 

carbon atoms in the N-alkyl chain 

DC degree of conversion 

DCDSC degree of conversion determined by differential scanning calorimetry (DSC) 

DCIR degree of conversion determined by infrared spectroscopy (FT IR) 

DCRM dental composite restorative materials 

dm monomer density 

DLS dynamic light scattering 

dp polymer density 

DSC differential scanning calorimetry 

E flexural modulus 

η viscosity 

FS flexural strength. In publication P2 flexural strength was abbreviated as σ. In order to 

unify, the abbreviation FS was used in the doctoral dissertation.  

FT IR Fourier transform infrared spectroscopy 

HAMA N,N-(2-hydroxyethyl)methylaminoethyl methacrylate 

HB Brinell hardness 

MDEA N-methyldiethanolamine 

MMA methyl methacrylate 

MW molecular weight 

QAHAMA-m 2-(methacryloyloxy)ethyl-2-hydroxyethylmethylalkylammonium bromide, where m 

corresponds to the numer of carbon atoms in N-alkyl chain 

QAM quaternary ammonium methacrylates 

QAm:TEG copolymers comprising 60 wt.% QAUDMA-m and 40 wt.% TEGDMA, where m 

corresponds to the number of carbon atoms in the N-alkyl substituent in 

QAUDMA-m 

QA-PEI NP nanoparticles of quaternary ammonium polyethylenimine derivatives 

QAUDMA-m quaternary ammonium urethane-dimethacrylate analogues, where m corresponds to 

the numer of carbon atoms in N-alkyl chain 

RI refractive index 

S polymerization shrinkage 

SD standard deviation 

Se experimental polymerization shrinkage. In publications P2 and P3 the abbreviation S 

was used. In order to unify, the abbreviation Se was used in the doctoral dissertation.  

SL leachability of residual monomer 



St theoretical polymerization shrinkage calculated assuming 100% conversion of double 

bonds 

TEGDMA triethylene glycol dimethacrylate 

Tg glass transition temperature 

Tgm monomer glass transition temperature 

Tgp polymer glass transition temperature 

TMDI 2,4,4-trimethylhexamethylene diisocyanate 

UDMA urethane-dimethacrylate monomer 

WCA water contact angle 

WS water sorption 

xDB double bond concentration in methacrylate monomer/monomer composition 

xUB urethane bond concentration in methacrylate monomer/monomer composition 

1H NMR proton nuclear magnetic resonance 

13C NMR carbon-13 nuclear magnetic resonance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



AIM AND SCOPE OF THE DOCRORAL DISSERTATION 

The doctoral dissertation aimed to modify dimethacrylate copolymers, used as adhesives of dental 

composite restorative materials, to give them antibacterial properties without compromising their 

utility properties. The antibacterial properties of copolymers, the achievement of which was an 

important goal of the studies, were provided by the utilization of compounds containing quaternary 

ammonium groups.  

The studies conducted within the framework of the doctoral dissertation were bidirectional.  

The first of the undertaken research areas involved the physical modification of dimethacrylate 

copolymers with nanoparticles of quaternary ammonium polyethylenimine derivatives (QA-PEI NP), 

characterized in the literature by high antibacterial activity. The work carried out in this area can be 

divided into the following stages:  

i) literature review on  QA-PEI NP and dental materials enriched with them (P1), 

ii) modification of copolymer comprising 60 wt.% bisphenol A glycerolate dimethacrylate 

(Bis-GMA) and 40 wt.% triethylene glycol dimethacrylate (TEGDMA) by dispersing 

QA-PEI NP in it and characterization of its physicochemical and mechanical properties (P2). 

The second and main area of the research conducted within the framework of the doctoral 

dissertation concerned the chemical modification of dimethacrylate copolymers with monomers 

containing quaternary ammonium groups. As a part of these studies, a series of six novel quaternary 

ammonium urethane-dimethacrylate analogues (QAUDMA-m, where m corresponds to the number 

of carbon atoms in the N-alkyl substituents) was obtained. Their molecules consisted of a core derived 

from 2,4,4-trimethylhexamethylene diisocyanate (TMDI) and two methacrylate-terminated wings, 

each containing a quaternary ammonium group substituted with an N-alkyl chain of 8, 10, 12, 14, 16 

or 18 carbon atoms. The presence of a TMDI core in QAUDMA-m allows to classify them as 

derivatives of commonly used in dentistry urethane-dimethacrylate monomer (UDMA). The work 

carried out in this area can be divided into the following stages:  

i) synthesis and characterization of physicochemical properties of a series of six novel 

QAUDMA-m monomers (P3, K1–K5, Z1), 

ii) modification of a copolymer comprising 60 wt.% Bis-GMA and 40 wt.% TEGDMA by complete 

replacement of Bis-GMA with QAUDMA-m and characterization of the antibacterial, 

physicochemical, and mechanical properties of the obtained copolymers (P4, P5), 

iii) modification of a copolymer comprising 40 wt.% Bis-GMA, 40 wt.% UDMA and 20 wt.% 

TEGDMA by complete replacement of UDMA with QAUDMA-m and characterization of 

microbiological, physicochemical, and mechanical properties, as well as cytotoxicity of the 

obtained copolymers (P6–P8).  

 

 

 

 

 



I. THE SUBJECT OF THE DOCTORAL DISSERTATION 

Tooth decay is one of the civilization diseases of the 21st century [1–3]. In 2022, World Health 

Organisation estimated that 2 billion people worldwide are struggling with dental caries, of which 

540 million children suffer from caries of primary teeth. This problem does not only concern the 

population living in undeveloped countries because 3 in 4 people affected by caries live in 

economically developed countries [4].  

Dental caries constitute a significant health problem. Apart from the pain in the area of infected 

teeth [5] and the decrease in the esthetic value of the teeth [6], it also causes inflammation of the oral 

cavity [5] or may even lead to the development of cardiovascular [7], urinary [8], and osteoarticular 

[9] systems diseases, as well as to the ophthalmological problems [10]. 

One of the most common and effective ways of treating dental caries is to remove the infected 

tissues and replace them with an appropriate substitute [11,12]. Photocurable dental composite 

restorative materials (DCRM) based on dimethacrylate adhesives are commonly used for these 

purposes [13,14]. The commonness of their use results mainly from their functional properties, high 

esthetic, and economic reasons [15–17]. However, they do not have antibacterial properties, which is 

one of their shortcomings [18,19]. The studies conducted in this direction showed that the 

accumulation of bacteria on the surfaces of dimethacrylate based DCRM occurs to a greater extent 

than on other dental materials, such as amalgams or ceramics [19–23]. In addition, DCRM curing 

generates shrinkage in the material. It leads to the formation of marginal gaps between the composite 

filling and the adjacent tissues [24–26]. Bacteria that occur in the environment of the oral cavity, 

mainly of the Streptococcus mutans strain, accumulate on the surface of such filling and in the 

resulting marginal gaps, and the acidic products of their metabolism lead to the formation of 

secondary caries [27,28] and post-reconstructive inflammations of tissues adjacent to the 

reconstruction site [29]. 

The limitation of secondary carries and post-reconstructive inflammation occurrence is one of the 

main goals of modern restorative dentistry. One proposed solution is the modification of DCRM 

adhesives (physical or chemical) with antibacterial compounds [30].  

The simplest and very effective method of giving DCRMs antibacterial properties is to physically 

modify the polymer adhesive by dispersing particles of antibacterial compounds. This modification 

involves both inorganic and organic compounds. Inorganic compounds include nanoparticles of silver 

[31–35], gold [35–38], zinc oxide [20,35,39,40], titanium oxide [35,41,42], and calcium phosphate 

[43,44]. Organic compounds include antibiotics [45,46], chlorhexidine and its derivatives [47,48], 

furanone [20], and ursolic acid [20]. The biggest problem related to their use is the lack of their 

chemical bonding with the polymer adhesive. Due to the small size,  particles of those compounds 

can easily leach from the material structure and therefore cause a decrease in the antibacterial 

properties and deterioration of its physical and mechanical properties. Moreover, after being released 

from the material, they may migrate to more distant tissues of the body and cause irritation or exert 

cytotoxic effects [30,49,50]. 

Therefore, alternative solutions are being sought. One of the proposals is a physical modification 

of DCRM adhesives with bioactive quaternary ammonium polyethylenimine nanoparticles 

(QA-PEI NP) [51]. The innovative nature of this solution results from the high content of quaternary 



ammonium groups, which allows for obtaining materials with high antibacterial activity at low 

concentrations of QA-PEI NP [52].  

However, greater attention of scientists focuses on the chemical modification of DCRM adhesives 

using methacrylate monomers with quaternary ammonium groups (QAM) [53–55]. It is due to the 

possibility of designing a wide range of monomers of different chemical structures, which allows 

obtaining materials with high microbiological activity and diverse physicochemical and mechanical 

properties. As QAMs have methacrylate groups in their chemical structure, they can be chemically 

incorporated into the DCRM adhesive by copolymerization with other methacrylate monomers [53]. 

It ensures their firm connection to the DCRM, which results in the stability of its properties 

throughout the entire period of exploitation and long-term antibacterial activity. 

Although the literature data provide a wide range of information on QA-PEI NP, QAM, and 

DCRM adhesives modified with their addition, obtaining a system with antibacterial activity while 

maintaining appropriate physicochemical and mechanical properties has not yet been achieved. For 

this reason, designing polymeric compounds with quaternary ammonium groups is still a new and 

challenging yet promising task for modern restorative dentistry. It was an inspiration to undertake 

this research topic. 

II. RESULTS AND DISCUSSION 

The doctoral dissertation included the modification of dimethacrylate copolymers used as DCRM 

adhesives to give them antibacterial properties.  

The studies conducted within the framework of the doctoral dissertation were bidirectional. The 

first of the undertaken research area involved the physical modification of dimethacrylate copolymers 

with quaternary ammonium polyethylenimine nanoparticles (QA-PEI NP). The second area of the 

research conducted within the framework of the doctoral dissertation concerned the chemical 

modification of dimethacrylate copolymers with monomers containing quaternary ammonium groups 

(QAUDMA-m).  

1. PHYSICAL MODIFICATION OF COPOLYMERS WITH QUATERNARY 

AMMONIUM POLYETHYLENIMINE NANOPARTICLES 

The research performed using QA-PEI NP (Figure 1) started with a literature review on the 

QA-PEI NP and dental materials enriched with them. As a result, a review article (P1) was published. 

This article discussed i) the methods of QA-PEI NP synthesis, ii) the relationship between the 

chemical structure of QA-PEI NP and their antibacterial activity, and iii) the influence of the 

QA-PEI NP addition on the antibacterial properties and cytotoxicity of DCRM and other classes of 

dental materials. 

 



 
Figure 1. Chemical structure of QA-PEI NP. 

The literature data showed that QA-PEI NP and dental materials modified with their use had high 

antibacterial activity and low cytotoxicity. At the same time, the analysis of the current state of the 

literature revealed the existence of a research gap relating to the physicochemical and mechanical 

properties of materials enriched with QA-PEI NP. These properties, although studied to a low extent, 

are crucial for the proper functioning of dental materials. To fill the research gap indicated in the 

literature review (P1), the research on physical modification aimed to determine the physicochemical 

and mechanical properties of dimethacrylate copolymers enriched with the QA-PEI NP. 

Laboratory studies on the physical modification of dimethacrylate copolymers started with 

QA-PEI NP synthesis. It was performed according to the procedure described in the literature [51,52] 

and described in detail in article P2 (Chap. 2.2).   

In the first stage, linear polyethylenimine was synthesized by acidic hydrolysis of poly(2-ethyl-

2-oxazoline). It was then subjected to crosslinking with the use of 1,5-dibromopentane, N-alkylation 

with the use of 1-bromooctane, and quaternization with the use of iodomethane, which led to the 

formation of QA-PEI NP. The chemical structure of QA-PEI NP was confirmed by proton nuclear 

magnetic resonance (1H NMR) (Fig. 4 in P2) and infrared spectroscopy (FT IR) (Fig. 5 in P2). The 

nanometric sizes of QA-PEI NP, which on average were 151 nm (Fig. 6 in P2), were confirmed by 

dynamic light scattering (DLS) analysis (Fig. 6 in P2) 

The obtained QA-PEI NP were then used as physical modifiers of copolymer comprising 60 wt.% 

Bis-GMA and 40 wt.% TEGDMA, representing the simplest DCRM adhesive system. The 

modification was performed by dispersing 0.5, 1, and 2 wt.% of QA-PEI NP in the monomer 

compositions and subsequent photopolymerization. The modification procedure was described in 

detail in article P2 (Chap. 2.3.) 

Copolymers enriched with QA-PEI NP were then tested for physicochemical (Table 1) and 

mechanical (Table 2) properties, that was described in article P2.   

The analysis of the results showed that the introduction of QA-PEI NP into the copolymer in an 

amount not exceeding 2 wt.% did not adversely affect many of its physicochemical properties.  

 



Table 1. Experimental polymerization shrinkage (Se – Tab. 1 in P2), degree of conversion (DC – Fig. 8 in P2), glass transition 
temperature (Tgp – Fig. 9 in P2), water contact angle (WCA – Fig. 12 and Fig. 13 in P2), water sorption (WS – Fig. 10 in P2), and water 
solubility (SL – Fig. 11 in P2) of copolymers modified with QA-PEI NP. 

 
Se (%) DC (%) Tgp (°C) WCA (°) WS (µg/mm3) SL (µg/mm3) 

average SD average SD average SD average SD average SD average SD 

0,5% QA-PEI NP 7.37 0.58 70.44 6.25 58.96 4.08 84.26 3.93 36.59 2.52 2.54 0.30 

1% QA-PEI NP 8.13 0.72 70.34 5.49 57.12 2.78 85.63 4.10 34.63 2.63 4.05 0.33 

2% QA-PEI NP 8.87 0.63 70.77 6.06 55.47 3.05 89.01 4.46 35.16 3.62 10.48 1.08 

0% QA-PEI NP 7.37 0.70 68.08 6.27 54.19 3.31 81.08 5.89 31.50 3.78 2.17 0.32 

Copolymers enriched with QA-PEI NP were characterized by a slightly higher degree of 

conversion (DC) than the reference copolymer. It resulted in higher values of experimental 

polymerization shrinkage (Se) compared to the reference copolymer. The addition of QA-PEI NP also 

did not negatively affect the copolymer glass transition temperature (Tgp). Its values were higher than 

55°C, ensuring the glassy state of copolymers under the temperature conditions of the oral cavity 

[56]. The introduction of QA-PEI NP into the copolymer did not also significantly affect the 

hydrophilicity of its surface. Although a slight increase in surface hydrophobicity was observed with 

the increasing concentration of QA-PEI NP, the obtained water contact angle (WCA) values were 

lower than 90°. It allowed classifying the surfaces of obtained materials as hydrophilic [57].  

On the other hand, the introduction of QA-PEI NP affected the behavior of the copolymers in the 

aqueous environment, which was manifested by an increase in water sorption (WS) and solubility 

(SL). In the case of WS, this increase was insignificant, and all of the modified copolymers had WS 

lower than the value of 40 µg/mm3, specified in the ISO 4049 standard as the maximum for dental 

materials [58]. In the case of SL, the presence of QA-PEI NP caused a significant increase in its value. 

The largest increase in SL was observed for copolymer containing 2 wt.% of QA-PEI NP. It was the 

only copolymer that exceeded the value of 7.5 µg/mm3, specified in the ISO 4049 standard as the 

maximum value for dental materials [58].  

Table 2. Hardness (HB – Fig. 16 in P2), flexural strength (FS – Fig. 15 in P2), and flexural modulus 
(E – Fig. 14 in P2) of copolymers enriched with QA-PEI NP. 

 
HB (MPa) FS (MPa) E (MPa) 

average SD average SD average SD 

0,5% QA-PEI NP 111.81 2.31 63.09 3.69 3712.67 203.95 

1% QA-PEI NP 110.94 4.08 52.94 6.90 3634.18 297.77 

2% QA-PEI NP 109.10 3.94 36.76 5.87 3557.40 290.61 

0% QA-PEI NP 106.19 5.14 85.18 7.91 3731.65 321.61 

Among the tested mechanical properties, flexural strength (FS) showed the highest sensitivity to 

the presence of QA-PEI NP. The introduction of QA-PEI NP into the reference copolymer at as low 

content of QA-PEI NP as 0.5 wt.% resulted in a 26% decrease in FS value. A downward trend was 

also observed for the flexural modulus (E). However, the scale of changes was not as significant as 

in the case of FS. The introduction of QA-PEI NP in the amount of 0.5 wt.% resulted in a 0.5% 

decrease in E value. On the other hand, the presence of QA-PEI NP exerted an opposite effect on 

hardness (HB), whose values increased due to the introduction of QA-PEI NP, an average of 4.17%.  



2. CHEMICAL MODIFICATION OF COPOLYMERS WITH QUATERNARY 

AMMONIUM URETHANE-DIMETHACRYLATE ANALOGUES 

Methacrylate monomers containing quaternary ammonium groups (QAM) have high antibacterial 

activity against oral bacteria. The literature data show that the chemical modification of 

dimethacrylate adhesives containing QAM results in materials with high antibacterial activity. 

However, the introduction of QAM to the DCRM adhesive often caused the deterioration of its 

physiochemical and mechanical properties. For this reason, QAMs with a chemical structure that 

allows obtaining DCRM with appropriate physicochemical properties, satisfactory mechanical 

parameters, high antibacterial activity, and low cytotoxicity are still sought after.  

Studies on the chemical modification of dimethacrylate adhesives, performed within the 

framework of the doctoral dissertation, were based on the utilization of six novel quaternary 

ammonium urethane-dimethacrylate analogues (QAUDMA-m, where m corresponds to the number 

of carbon atoms in the N-alkyl substituent) (Figure 2).  

The presence of a core derived from 2,4,4 – trimethylhexamethylene diisocyanate (TMDI) in  

QAUDMA-m allows to classify them as urethane-dimethacrylate derivatives. Their molecules also 

consist of two methacrylate-terminated wings, each containing a quaternary ammonium group 

substituted with an N-alkyl chain with 8, 10, 12, 14, 16, or 18 carbon atoms that are linked to the core 

by a urethane bond. 

  
Figure 2. Chemical structure of QAUDMA-m. 

2.1. Synthesis and characterization of QAUDMA-m monomers 

Laboratory studies on chemical modification of dimethacrylate copolymers started from the 

synthesis and characterization of physicochemical properties of a series of six QAUDMA-m 

monomers and their homopolymers, which was described in article P3, national patents K1–K5, and 

patent application Z1.  

QAUDMA-m monomers were obtained in a three-stage synthesis process that included:  

i) transesterification of methyl methacrylate with N-methyldiethanolamine to obtain N,N-(2-

hydroxyethyl)methylaminoethyl methacrylate (HAMA), 

ii) N-alkylation of HAMA using alkyl bromides of various chain lengths to obtain [2-

(methacryloyloxy)ethyl]-2-hydroxyethylmethylalkylammonium bromide (QAHAMA-m, where 

m corresponds to the number of carbon atoms in the N-alkyl substituent) 

iii) addition of the hydroxyl group of QAHAMA-m to the isocyanate groups of TMDI to obtain 

QAUDMA-m monomers. 



The chemical structure of QAUDMA-m monomers and intermediate products (HAMA, 

QAHAMA-m) was confirmed by 1H NMR (HAMA – Fig. 1 in P3, QAHAMA-m – Fig. 3 in P3, 

QAUDMA-m – Fig. 5 in P3), 13C NMR (HAMA – Fig. 2 in P3, QAHAMA-m – Fig. 4 in P3, 

QAUDMA-m – Fig. 6 in P3), and FT IR (QAUDMA-m – Fig. 7 w P3). Obtained QAUDMA-m 

monomers were then tested for physicochemical properties (Table 3), which was described in article 

P3. 

QAUDMA-m monomers were straw-coloured, highly viscosus liquids. Therefore, they meet the 

basic condition for monomers for use in DCRM adhesives, which says that the monomer must be in 

a liquid state. The refractive index (RI) of QAUDMA-m monomers was in the range of 1.46 to 1.55, 

which is adequate for dental adhesive monomers [59]. However, the high viscosity of QAUDMA-m 

monomers excluded the possibility of their use as standalone components of DCRM adhesives and 

imposes the need to use them in combination with low viscosity monomers, the so-called reactive 

diluents, e.g. TEGDMA.  

Table 3. Length of the N-alkyl substituent (Cm), molecular wieght (MW – Tab. 1 in P3), concentration of double bond (xDB – Tab.1 in 
P3), concentration of urtehane bonds (xUB – Tab. 1 in P3), refractive index (RI – Tab. 1 in P3), viscosity (η – Tab. 1 in P3), density (dm – 
Tab. 1 in P3), and glass transition temerature (Tgm - Tab. 1 and Rys. 9 in P3) of QAUDMA-m monomers. 

 
 MW 

(g/mol) 

xDB = xUB 

(mol/kg) 
RI* 

η (Pa⸱s) (50°C) dm (g/cm3) Tgm (°C) 

Cm average SD average SD average SD 

QAUDMA-8 C8 970 2.06 1.5161 1.28×103 0.28×103 1.199 0.010 -17.25 0.61 

QAUDMA-10 C10 1026 1.95 1.5112 1.39×104 0.14×104 1.166 0.010 -16.38 0.71 

QAUDMA-12 C12 1082 1.85 1.5080 1.14×104 0.13×104 1.129 0.010 -15.15 1.03 

QAUDMA-14 C14 1138 1.76 1.5054 3.18×103 0.36×103 1.101 0.010 -22.39 1.71 

QAUDMA-16 C16 1194 1.68 1.5005 2.79×103 0.39×103 1.085 0.018 -24.32 1.65 

QAUDMA-18 C18 1250 1.60 1.5003 3.33×103 0.32×103 1.070 0.010 -31.01 0.92 

Bis-GMA - 512 3.90 1.5493 
1.14×103** 0.13×103 

1.150 0.010 -7.31 0.76 
8.36 0.20 

UDMA - 470 4.25 1.4614 9.54** 0.02 1.096 0.010 -35.93 1.24 

TEGDMA - 286 6.99 1.4852 0.011*** - 1.070 0.020 -83.74 1.56 

* SD for RI was 0,0001 in each case 
** measured in 25°C 
*** as cited in [60] 

Subsequently, the QAUDMA-m monomers were polymerized, and the obtained homopolymers 

were characterized in terms of polymerization shrinkage and the degree of double bond conversion 

(Table 4), which was described in article P3.  

QAUDMA-m monomers polymerized to a high degree of conversion (DC). Compared to 

reference monomers, QAUDMA-m monomers polymerized to DC higher than Bis-GMA but lower 

than UDMA and TEGDMA. In addition, QAUDMA-m monomers had lower theoretical (St) and 

experimental (Se) polymerization shrinkage than dental monomers. It suggests that dimethacrylate 

copolymers containing QAUDMA-m will be characterized by small marginal gaps and stable 

physicochemical properties [61,62]. 

 



Table 4. Theoretical (St) and experimental (Se) polymerization shrinkage, degree of conversion determined by 
infrared spectroscpy (DCIR), and differential scanning calorimetry (DCDSC) of QAUDMA-m homopolymers (Tab.2 
in P3). 

 St (%) 
Se (%) DCIR (%) DCDSC (%) 

average SD average SD average SD 

QAUDMA-8 5.56 1.24 0.07 60.39 1.41 61.36 3.90 

QAUDMA-10 5.11 1.69 0.16 71.76 2.31 70.76 3.54 

QAUDMA-12 4.69 2.25 0.22 73.35 2.49 71.64 4.90 

QAUDMA-14 4.35 2.99 0.37 79.42 1.94 78.12 2.59 

QAUDMA-16 4.09 1.99 0.10 74.79 2.03 74.27 2.95 

QAUDMA-18 3.85 1.47 0.04 53.37 2.67 52.83 2.77 

Bis-GMA 10.11 4.72 0.19 32.56 0.92 -* -* 

UDMA 10.65 2.33 0.26 78.92 1.33 -* -* 

TEGDMA 17.12 10.61 0.20 84.23 0.91 -* -* 

* DCDSC was not determined for dental dimethacrylates 

The satisfactory physicochemical properties of QAUDMA-m monomers led to further research, 

in which they were used as chemical modifiers of the two most commonly used DCRM adhesives. 

2.2. Characteristics of copolymers comprising 60 wt.% QAUDMA-m and 40 wt.% TEGDMA 

(QAm:TEG) 

A copolymer comprising 60 wt.% Bis-GMA and 40 wt.% TEGDMA (BG:TEG) was first 

modified. It was achieved by the total replacement of Bis-GMA with QAUDMA-m. The series of six 

novel QAm:TEG copolymers (where m corresponds to the number of carbon atoms in the N-alkyl 

substituent in QAUDMA-m) was then characterized for antibacterial, physicochemical, and 

mechanical properties, which was described in articles P4 and P5. 

Firstly, the antibacterial activity of QAm:TEGs against Staphylococcus aureus and Escherichia 

coli bacteria was determined (Figure 3, Table 5).    

 
Figure 3. Number of a) S. aureus (ATCC 25923), b) E. coli (ATCC 25922) bacteria colonies  on QAm:TEG surfaces (Fig. 6 in P4).  

* no bacteria were observed 

Compared to the reference copolymer, the number of bacteria of both strains found on the 

QAm:TEG surfaces was lower. The highest reduction in the number of bacteria on the copolymer 

surface was observed for QA14:TEG, on whose surface no bacteria of both strains were observed.  



Table 5. S. aureus (ATCC 25923) and E. coli (ATCC 25922) bacteria growth inhibition zone (Tab. 4, Fig. 7 in P4) and bactericidal activity 
(Fig. 8 in P4) of QAm:TEGs. 

 

bacteria growth inhibition zone (mm)* bactericidal activity** 

S. aureus (ATCC 25923) E. coli (ATCC 25922) S. aureus  

(ATCC 25923) 

E. coli  

(ATCC 25922) average SD average SD 

QA8:TEG 19 1 10 1 + + 

QA10:TEG 12 1 8 1 + + 

QA12:TEG 13 2 7 1 + + 

QA14:TEG 13 2 6 1 + + 

QA16:TEG 10 1 5 0 + - 

QA18:TEG 6 1 5 0 + - 

BG:TEG 6 1 5 0 - - 

* the value of 5 mm indicates that no inhibition zone was observed  
** determined for 25 mg/mL copolymer suspensions 

S. aureus growth inhibition zone was observed for all QAm:TEGs. The highest inhibition zone 

was found for QA8:TEG, and the lowest was found for QA18:TEG. E. coli growth inhibition zone 

was observed for QAm:TEGs with Cm lower than C16. The highest inhibition zone was observed for 

QA8:TEG, and the lowest was found for QA14:TEG. A similar trend was observed for the 

bactericidal activity of QAm:TEG suspensions. Suspensions of all QAm:TEGs had a bactericidal 

effect against S. aureus, whereas only suspensions of QAm:TEGs with Cm lower than C16 had a 

bactericidal effect against E. coli.  

Further, QAm:TEGs were tested for physicochemical (Table 6) and mechanical (Table 7) 

properties.  

Table 6. Theoretical (St – Tab. 3 w P4) and experimental (Se – Tab. 3 in P4) polymerization shrinkage, degree of conversion (DC – Tab. 3 
in P4), glass transition temperature (Tgp – Tab. 3 and Fig. 4 in P4), water contact angle (WCA – Fig. 5 in P4), water sorption (WS – 
Fig. 3 w P5), and water solubility (Fig. 3 in P5) of QAm:TEGs.  

 St (%) 
Se (%) DC (%) Tgp (°C) WCA (°) WS (µg/mm3) SL (µg/mm3) 

average SD average SD average SD average SD average SD average SD 

QA8:TEG 10.41 6.62 0.28 84.16 1.18 60.52 0.79 82.05 272 148.31 1.33 52.39 3.58 

QA10:TEG 10.05 6.44 0.29 83.96 0.91 60.33 1.37 82.64 2.42 138.42 2.71 32.23 4.67 

QA12:TEG 9.66 6.57 0.63 86.06 1.16 63.18 1.43 84.41 1.67 130.67 2.04 24.21 3.33 

QA14:TEG 9.43 6.88 0.59 88.67 1.38 64.07 1.15 86.12 1.74 124.89 2.84 19.08 1.01 

QA16:TEG 9.23 6.53 0..96 87.41 1.10 65.03 0.73 94.70 2.31 121.21 1.07 15.41 1.41 

QA18:TEG 9.04 6.52 0.92 87.11 0.91 66.32 1.23 98.66 2.08 116.08 1.75 12.67 3.27 

BG:TEG 12.89 8.38 0.57 64.83 1.57 61.66 0.58 87.85 2.30 27.20 1.36 3.92 0.71 

QAm:TEGs were characterized by high degrees of conversion (DC), which exceeded the values 

typical for DCRM adhesives in each case [63]. In addition, QAm:TEGs showed lower polymerization 

shrinkage (Se) than the reference copolymer. They were also characterized by glass transition 

temperature (Tgp) higher than 60°C, which ensures the stability of their physicochemical properties 

in the conditions prevailing in the oral cavity [56]. Most of the tested QAm:TEGs had hydrophilic 

surfaces. It promotes good adhesion to the enamel and increases the affinity to the inorganic filler 



particles, which are also hydrophilic [57]. Surfaces of only QA16:TEG and QA18:TEG were 

hydrophobic. Replacement of the Bis-GMA with QAUDMA-m negatively affected the behavior of 

copolymers in an aqueous environment. The values of both water sorption (WS) and solubility (SL) 

obtained for QAm:TEGs exceeded the maximum value for DCRM specified in the ISO 4049 standard 

[58].  

The replacement of Bis-GMA with QAUDMA-m caused a decrease in the mechanical properties 

of studied copolymers. A two-fold decrease in hardness (HB) and flexural strength (FS) and a 

four-fold decrease in flexural modulus (E) were observed. It means that the use of QAm:TEGs as 

DCRM adhesives would not allow obtaining materials with appropriate mechanical properties. Thus, 

such materials could not withstand the forces exerted on the filling during chewing and biting. 

Table 7. Hardness (HB), flexural strength (FS), and flexural modulus (E) of QAm:TEGs (Tab. 2 w P5).  

 
HB (MPa) FS (MPa) E (MPa) 

average SD average SD average SD 

QA8:TEG 51.41 4.32 21.59 0.66 679.04 36.20 

QA10:TEG 51.17 6.93 37.37 2.27 851.58 47.41 

QA12:TEG 50.87 4.08 34.46 2.18 848.86 24.69 

QA14:TEG 41.60 3.63 28.38 1.38 772.34 31.08 

QA16:TEG 41.21 2.27 20.13 1.62 753.46 31.79 

QA18:TEG 42.17 1.08 21.75 1.90 459.41 34.42 

BG:TEG 107.56 5.70 51.63 6.76 2800.87 78.85 

2.3. Characteristics of copolymers comprising 40 wt.% Bis-GMA, 40 wt.% QAUDMA-m, and 

20 wt.% TEGDMA (BG:QAm:TEG) 

In the next step, a copolymer comprising 40 wt.% Bis-GMA, 40 wt.% UDMA, and 20 wt.% 

TEGDMA (BG:UD:TEG) was subjected to chemical modification. It was achieved by the total 

replacement of UDMA with QAUDMA-m. This modification aimed to check whether the reduction 

of QAUDMA-m concentration in copolymers by 20 wt.% and the presence of Bis-GMA will allow 

obtaining copolymers with satisfactory antibacterial activity and appropriate physicomechanical 

characteristics. The series of six novel BG:QAm:TEG copolymers (where m corresponds to the 

number of carbon atoms in the N-alkyl substituent in QAUDMA-m) obtained in that way was 

characterized for microbiological activity, physicochemical and mechanical properties, and 

cytotoxicity, which was described in articles P6, P7, and P8.  

Firstly, the antibacterial activity of BG:QAm:TEGs against S. aureus and E. coli bacteria was 

determined (Figure 4, Table 8).    

The number of S. aureus and E. coli bacteria found on all BG:QAm:TEG surfaces was lower than 

that found on the surfaces of BG:TEG and BG:UD:TEG reference copolymers. No bacteria of both 

strains were found on the surfaces of BG:QA8:TEG and BG:QA10:TEG. 

S. aureus growth inhibition zone was observed for all BG:QAm:TEGs. The highest growth 

inhibition zone was found for BG:QA8:TEG, whereas the lowest was found for BG:QA18:TEG. 

E. coli growth inhibition zone was observed for all BG:QAm:TEGs, except the BG:QA18:TEG. The 

highest growth inhibition zone was found for BG:QA8:TEG, whereas the lowest was found for 



BG:QA16:TEG. Bactericidal activity was observed for all BG:QAm:TEG suspensions against both 

tested bacteria strains.  

 
Figure 4. Number of a) S. aureus (ATCC 25923), b) E. coli (ATCC 25922) bacteria colonies  on BG:QAm:TEG surfaces (Tab. 3 in P8).  

* no bacteria were observed 

Table 5. S. aureus (ATCC 25923) and E. coli (ATCC 25922) bacteria growth inhibition zone (Tab. 3 in P8) and bactericidal activity 
(Fig. 7b, Fig. 7c  in P7) of BG:QAm:TEGs. 

 

bacteria growth inhibition zone (mm)* bactericidal activity ** 

S. aureus (ATCC 25923) E. coli (ATCC 25922) S. aureus  

(ATCC 25923) 

E. coli  

(ATCC 25922) average SD average SD 

BG:QA8:TEG 23 1 21 1 + + 

BG:QA10:TEG 20 1 20 1 + + 

BG:QA12:TEG 20 1 20 1 + + 

BG:QA14:TEG 18 1 16 1 + + 

BG:QA16:TEG 15 1 12 1 + + 

BG:QA18:TEG 10 1 5 0 + + 

BG:UD:TEG 5 0 5 0 - - 

BG:TEG 6 0 5 0 -*** -*** 

* the value of 5 mm indicates that no inhibition zone was observed  
** determined for 25 mg/mL copolymer suspensions 
*** bactericidal activity was not determined for BG:TEG 

The BG:QAm:TEGs were also tested for antifungal activity against the C. albicans strain 

(Figure 5, Table 9). 

 
Figure 5. Number of C. albicans (ATCC 2091) fungi colonies on BG:QAm:TEG surfaces (Fig. 5 w P7). Number of fungi colonies on 

surface was not determined for BG:TEG. 



The number of fungi colonies observed on all BG:QAm:TEG surfaces, except BG:QA18:TEG, 

was lower than that on the BG:UD:TEG reference copolymer. BG:QAm:TEGs with Cm lower than 

C16 showed similar and the highest surface antibacterial activity.  

Table 9. C. albicans (ATCC 2091) growth inhibition zone (Fig. 6 in P7) and fungicidal activity (Fig. 7a in P7) 
of BG:QAm:TEGs. 

 
fungi growth inhibition zone (mm)* 

fungicidal activity ** 

average SD 

BG:QA8:TEG 13 1 + 

BG:QA10:TEG 11 1 + 

BG:QA12:TEG 9 1 + 

BG:QA14:TEG 7 1 + 

BG:QA16:TEG 5 0 + 

BG:QA18:TEG 5 0 + 

BG:UD:TEG 5 0 - 

BG:TEG -*** - -*** 

* the value of 5 mm indicates that no inhibition zone was observed  
** determined for 25 mg/mL copolymer suspensions 
*** fungicidal activity was not determined for BG:TEG  

C. albicans growth inhibition zone was observed for BG:QAm:TEGs with Cm lower than C16. 

The highest growth inhibition zone was found for BG:QA8:TEG, whereas the lowest was found for 

BG:QA14:TEG. The fungicidal activity was observed for suspensions of all BG:QAm:TEGs.   

Further, the physicochemical (Table 10) and mechanical (Table 11) properties of BG:QAm:TEGs 

were determined.  

Table 10. Theoretical (St – Tab. 2 in P6) and experimental (Se – Tab. 2 in P6) polymerization shrinkage, degree of conversion (DC – 
Tab. 2 in P8), glass transition temperature (Tgp – Fig. 3 in P6), water contact angle (WCA – Fig. 4 in P6), water sorption (WS – Fig. 5 
in P6), and solubility (SL – Fig. 5 in P6) of BG:QAm:TEGs. 

 St (%) 
Se (%) DC (%) Tgp (°C) WCA (°) WS (µg/mm3) SL (µg/mm3) 

average SD average SD average SD average SD average SD average SD 

BG:QA8:TEG 9.81 5.08 0.40 59.28 1.51 42.21 1.34 81.41 1.57 68.27 5.36 5.15 0.84 

BG:QA10:TEG 9.60 5.48 0.37 60.14 1.97 45.81 1.17 84.68 2.36 48.42 2.90 5.18 0.77 

BG:QA12:TEG 9.38 6.07 0.49 61.08 1.57 46.63 1.12 86.32 1.63 35.54 1.49 5.22 0.54 

BG:QA14:TEG 9.18 6.14 0.41 63.18 1.72 47.83 1.08 85.52 1.40 34.43 2.23 5.58 0.41 

BG:QA16:TEG 9.04 6.24 0.54 66.52 1.31 50.41 1.87 91.05 1.24 32.67 1.13 5.42 0.55 

BG:QA18:TEG 8.90 6.40 0.48 68.37 1.97 50.81 0.95 99.53 1.62 25.94 4.00 5.54 0.46 

BG:UD:TEG 12.90 8.35 0.23 68.21 0.94 55.90 1.91 80.76 1.99 11.71 1.09 1.12 0.42 

BG:TEG 11.61 8.07 0.80 64.62 1.85 61.46 1.42 86.57 1.53 18.31 1.70 1.56 0.25 

BG:QAm:TEGs were characterized by a similar degree of conversion (DC) and lower 

polymerization shrinkage (Se) compared to the BG:TEG and BG:UD:TEG reference copolymers. 

They had a glass transition temperature (Tgp) higher than 40°C, which is sufficient to ensure their 

occurrence in a glassy state under the thermal conditions of the oral cavity [56]. The surfaces of 



BG:QAm:TEGs were hydrophilic, except BG:QAm:TEGs with C16 and C18, which were 

hydrophobic. BG:QAm:TEGs were also characterized by low water sorption (WS) and leachability 

of residual monomer (SL). Only BG:QAm:TEGs with C8 and C18 exceeded the WS value normalized 

for dental materials in the ISO 4049 standard [58].  

The presence of Bis-GMA and the reduction of QAUDMA-m content significantly improved the 

mechanical properties of copolymers. The assessment of BG:QAm:TEGs mechanical properties was 

carried out in relation to the values obtained for BG:TEG and BG:UD:TEG reference copolymers. 

From the perspective of mechanical properties, BG:QAm:TEGs with a Cm from C8 to C12 could 

serve as substitutes for the BG:TEG. They had higher hardness (HB), flexural strength (FS), and 

flexural modulus (E). Compared to the BG:UD:TEG, none of the BG:QAm:TEGs achieved similarly 

good mechanical properties. Among BG:QAm:TEGs, only the BG:QA8:TEG was characterized by 

higher HB and E than BG:UD:TEG. Although its FS was the highest among the tested 

BG:QAm:TEGs, its value was still lower by 20% compared to the BG:UD:TEG.  

Table 11. Hardness (HB), flexural strength (FS), and flexural modulus (E) of BG:QAm:TEGs (Tab. 2 in P8). 

 
HB (MPa) FS (MPa) E (MPa) 

average SD average SD average SD 

BG:QA8:TEG 153.91 5.56 74.47 4.67 3716.68 90.76 

BG:QA10:TEG 128.21 8.08 65.25 3.63 3393.39 83.10 

BG:QA12:TEG 126.96 3.98 60.01 3.75 2958.97 177.27 

BG:QA14:TEG 113.63 5.25 55.58 3.02 2636.08 190.78 

BG:QA16:TEG 98.13 3.04 54.75 3.48 2181.70 164.70 

BG:QA18:TEG 83.84 2.85 50.81 4.96 1986.74 58.03 

BG:UD:TEG 130.81 4.30 95.65 5.19 3701.30 102.99 

BG:TEG 101.34 5.93 55.54 1.75 2810.34 248.29 

In the last stage, BG:QAm:TEGs were tested for cytotoxicity on L929 mouse fibroblast cell line 

(Figure 6). It was observed that the reduction in cell viability after being exposed to the 

BG:QAm:TEG extracts decreased by no more than 30% in comparison to the control. It allowed to 

classify BG:QAm:TEGs as noncytotoxic [64].  

 
Figure 6. Viability of L929 mouse fibroblast cell line after 24 h of incubation with copolymer extracts. 



III. CONCLUSIONS 

Within the framework of the doctoral dissertation, studies on physical and chemical modification 

of dimethacrylate copolymers used as dental composite restorative materials (DCRM) adhesives to 

give them antibacterial activity without prejudice to their utility properties were conducted. 

Modifications were performed with the use of compounds containing quaternary ammonium groups.  

 The results achieved in the doctoral dissertation are summarized in Figure 7.  

 

 
Figure 7.Summary of the results achieved in the doctoral dissertation. 



Physical modification 

The physical modification of copolymers was based on the utilization of quaternary ammonium 

polyethylenimine nanoparticles (QA-PEI NP). They were used as modifiers of copolymer comprising 

60 wt.% bisphenol A glycerolate dimethacrylate (Bis-GMA) and 40 wt.% triethylene glycol 

dimethacrylate (TEGDMA).  

The obtained results showed that the introduction of QA-PEI NP in the amount of 2 wt.% excludes 

the possibility of using a modified copolymer as the DCRM adhesive. It is related to the values of 

flexural strength and leachability of residual monomer, which significantly differ from those 

acceptable for dental materials. Considering materials containing 0.5 and 1 wt.% of QA-PEI NP, it 

was observed that they had appropriate physicochemical parameters (including low leachability of 

residual monomer) and satisfactory values of mechanical properties. In addition, taking into account 

the literature data on the antibacterial properties of dimethacrylate materials modified with the same 

amount of QA-PEI NP, it can be seen that the system containing 1 wt.% QA-PEI NP is characterized 

by the most promising combination of physicomechanical and microbiological properties.  

Chemical modification 

Chemical modification of copolymers utilized newly obtained dimethacrylate monomers 

containing quaternary ammonium groups (QAUDMA-m), classified as derivatives of urethane-

dimethacrylate monomer (UDMA). Due to the satisfactory physicochemical properties of 

QAUDMA-m and their homopolymers, they were used as chemical modifiers of the two most 

commonly used DCRM adhesives.  

A copolymer comprising 60 wt.% Bis-GMA and 40 wt.% TEGDMA (BG:TEG) was subjected to 

modification as a first. The complete replacement of Bis-GMA with QAUDMA-m led to obtaining a 

series of six QAm:TEG copolymers.  

QAm:TEGs were characterized by high antibacterial activity against S. aureus and E. coli, which 

was manifested by a reduced number of bacteria observed on their surfaces, the presence of an 

inhibition zone, and the bactericidal effect of the copolymer suspensions. QAm:TEGs were also 

characterized by a high degree of conversion, low polymerization shrinkage, and high glass transition 

temperature. However, they exhibited water sorption and leachability of residual monomer several 

times higher than that allowed for DCRM adhesives and unsuitable mechanical parameters. It 

suggests that the chemical composition of QAm:TEGs is inappropriate for dental applications.  

The results obtained for QAm:TEGs also provided fundamental knowledge about the relationship 

between the length of the N-alkyl chain (Cm) and the values of studied parameters. It was observed 

that: i) glass transition temperature and water contact angle increased with the increasing Cm, 

ii) water sorption, water solubility, and the bacteria growth inhibition zone decreased with the 

increasing Cm, iii) flexural strength and flexural modulus initially increased with the increasing Cm 

up to C10, and then decreased, iv) the number of bacteria on copolymer surfaces decreased with the 

increasing Cm up to C14, and then increased, v) polymerization shrinkage and degree of conversion 

were the only parameters that did not show a correlation with Cm. 

Results obtained for QAm:TEGs excluded the possibility of their use as DCRM adhesives. 

However, they revealed that QAUDMA-m monomers could be a promising antibacterial component 

of DCRM adhesives when used at lower concentrations. For this reason, a copolymer comprising 



40 wt.% Bis-GMA, 40 wt.% UDMA, and 20 wt.% UDMA (BG:UD:TEG) was subjected to 

modification. It was done by the total replacement of UDMA with QAUDMA-m (BG:QAm:TEG).  

The reduction of QAUDMA-m content did not negatively affect the copolymers antibacterial 

activity. BG:QAm:TEGs were characterized by high antibacterial activity against S. aureus and 

E. coli bacteria strains. They also showed antifungal activity against C. albicans. Both were 

manifested by the reduced number of microbial colonies on BG:QAm:TEGs surfaces, presence of 

microbial growth inhibition zone, and a biocidal effect of copolymer suspensions. The 

BG:QAm:TEGs were also characterized by a high degree of conversion, low polymerization 

shrinkage, high glass transition temperature, low water sorption, and low leachability of residual 

monomer (except for BG:QA8:TEG and BG:QA10:TEG), and appropriate mechanical properties. In 

addition, all of the BG:QAm:TEGs were not cytotoxic to mouse fibroblast cells.  

A more detailed analysis of the tested parameters leads to the conclusion that the BG:QA12:TEG 

seems to be the most suitable for use as a potential DCRM adhesive. It was characterized by 

satisfactory physicochemical and mechanical properties, high microbiological activity, and did not 

exert cytotoxic effects on mouse fibroblast cells.  

The research carried out within the framework of the doctoral dissertation shows that the use of 

quaternary ammonium compounds to perform the physical and chemical modification of 

dimethacrylate copolymers allows to give them high microbiological activity while maintaining 

appropriate functional properties. Besides selecting copolymers suitable for use as potential DCRM 

adhesives, the achieved results have a cognitive meaning and constitute an important supplement to 

the knowledge on the influence of the chemical structure of compounds containing quaternary 

ammonium groups on the properties of dimethacrylate copolymers modified with their use.  
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