
        

Citation for published version:
Abou Neel, EA, Kiani, A, Valappil, S, Mordan, N, Baek, S-Y, Hossain, KMZ, Felfel, R, Ahmed, I, Divakari, K,
Chrzanowski, W & Knowles, J 2019, 'Glass microparticle‐ versus microsphere‐filled experimental dental
adhesives', Journal of Applied Polymer Science, vol. 136, no. 32, 47832, pp. 1-11.
https://doi.org/10.1002/app.47832

DOI:
10.1002/app.47832

Publication date:
2019

Document Version
Peer reviewed version

Link to publication

This is the peer reviewed version of the following article: Abou Neel, E. A., Kiani, A., Valappil, S. P., Mordan, N.
M., Yi Baek, S., Zakir Hossain, K. M., Felfel, R. M, Ahmed, I., Divakarl, K., Chrzanowski, W., Knowles, J. C. (
2019), Glass microparticle‐ versus microsphere‐filled experimental dental adhesives. J Appl Polym Sci, 136,
47832, which has been published in final form at https://doi.org/10.1002/app.47832. This article may be used for
non-commercial purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1002/app.47832
https://doi.org/10.1002/app.47832
https://researchportal.bath.ac.uk/en/publications/e01eae24-2fe8-4252-8ed1-ff973925c19e


    

 1 

DOI: 10.1002/adem.((please add manuscript number))  

 

Glass Microparticles versus Microspheres-Filled Experimental Dental Adhesives** 

By Ensanya A. Abou Neel1,2,3*, Azadeh Kiani3, Sabeel P Valappil4
,
 Nicky M. Mordan3, Kazi 

M. Zakir Hossain5, Reda M. Felfel6,7, Ifty Ahmed6, Kamini Divakarl8, Wojciech Chrzanowski8, 

Jonathan C. Knowles3,9,10 

 

[*] Prof. Ensanya A. Abou Neel Corresponding-Author & Author – One 

1Division of Biomaterials, Restorative Dentistry Department, King Abdualziz University, Jeddah, Saudi 

Arabia, 2Biomaterials Department, Faculty of Dentistry, Tanta University, Tanta, Egypt, 3UCL, Eastman 

Dental Institute, Biomaterials and Tissue Engineering Division, 256 Gray’s Inn Road, London, WC1X 

8LD. 

E-mail: eabouneel@kau.edu.sa; e.abouneel@ucl.ac.uk 

 

Dr. Azadeh Kiani – Author- Two 

3UCL, Eastman Dental Institute, Biomaterials and Tissue Engineering Division, 256 Gray’s Inn Road, 

London, WC1X 8LD. 

E-mail: az_kiany@yahoo.com 

 

Dr. Sabeel P Valappil– Author- Three 

4Department of Health Services Research and School of Dentistry, University of Liverpool, Research 

Wing, Daulby Street, Liverpool, L69 3GN (UK) 

E-mail: s.valappil@liverpool.ac.uk 

 

Dr. Nicky M. Mordan – Author- Four 

3UCL, Eastman Dental Institute, Biomaterials and Tissue Engineering Division, 256 Gray’s Inn Road, 

London, WC1X 8LD. 

E-mail: n.mordan@ucl.ac.uk 

 

Dr. Kazi M. Zakir Hossain 

5Department of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, UK. 

E-mail: z.hossain@bath.ac.uk 

 

Dr. Reda M. Felfel – Author-Five 

6Advanced Materials Research Group, Faculty of Engineering, University of Nottingham, UK. 7Physics 

Department, Faculty of Science, Mansoura University, Mansoura 35516, Egypt. 

E-mail: reda.felfel@nottingham.ac.uk 

 

 

 

mailto:eabouneel@kau.edu.sa
mailto:e.abouneel@ucl.ac.uk


    

 2 

Dr. Ifty Ahmed– Author-Six 

6Advanced Materials Research Group, Faculty of Engineering, University of Nottingham, UK. 

E-mail: ifty.ahmed@nottingham.ac.uk 

Dr. Kamini Divakarla– Author-Seven 

8The Australian Institute for Nanoscale Science and Technology The University of Sydney, NSW 

2006, Sydney, Australia. 

E-mail: skdivakarla@gmail.com 

Dr. Wojciech Chrzanowski– Author-Eight 

8The Australian Institute for Nanoscale Science and Technology The University of Sydney, NSW 

2006, Sydney, Australia.  

E-mail: wojciech.chrzanowski@sydney.edu.au 

Prof. Jonathan C. Knowles– Author-Nine 

3UCL, Eastman Dental Institute, Biomaterials and Tissue Engineering Division, 256 Gray’s Inn Road, 

London, WC1X 8LD. 9Department of Nanobiomedical Science & BK21 Plus NBM Global Reserch 

Center for Regenerative Medicine, Dankook University, Cheonan 330-714, Republic of Korea. 10The 

Discoveries Centre for Regenerative and Precision Medicine, UCL Campus, London, U. 

E-mail: j.knowles@ucl.ac.uk 

 

 [**] Acknowledgements, general annotations, funding ((Supporting Information is 

available online from Wiley InterScience or from the author)). 

 

 

Abstract 

 

This study aimed to formulate adhesives with potential antibacterial action. Phosphate-

substituted methacrylate adhesives, modified with 0-20 wt% copper-doped glass 

microparticles. Two different shapes of microparticles were used. They were regular-shaped 

(microspheres) and irregular-shaped (microparticles). The morphology, roughness, degree of 

monomer conversion (DC%), thermo-gravimetric analysis and antibacterial action against 

caries-associated (S. mutans) and biofilm-associated bacteria (P. aeruginosa) were 

investigated. The results showed that microspheres produced adhesives with a relatively 

smoother surface than microparticles. The DC% of adhesives increased with increasing glass 

fillers wt%. Filled adhesives showed polymer decomposition at ~315 oC and glass melting at 

600 – 1000 oC. The weight loss% of adhesives decreased with increasing the wt% of fillers. 0-

mailto:ifty.ahmed@nottingham.ac.uk
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20 wt% glass microparticles significantly increased the antibacterial action of adhesives 

against both bacteria. 0-5 wt% glass microspheres significantly increased the antibacterial 

action of adhesives against both bacteria. Only 20 wt% microparticles-filled adhesive showed 

similar inhibition zone to Tobramycin (positive control). Other formulations showed 

significantly smaller inhibition zone than positive controls. Microparticles-filled adhesives 

(with >5 wt% filler) significantly reduced S. mutans than microspheres counterparts. 

Microspheres-filled adhesives (with ≤5 wt% filler) significantly reduced P. aeruginosa than 

microparticles counterparts. Accordingly, phosphate-substituted methacrylate filled with glass 

microparticles or microspheres could be used as antibacterial adhesives. 

1. Introduction 

Failure of dental restorations is usually caused by micro- [1] or nanoleakage [2] at the restoration-

tooth interface. The need for a biological seal at the tooth-restoration interface is therefore 

highly required. Since the adhesive is the weakest link in dental restorations [3], its modification 

to remineralize defective dentin could play a major role in the success of dental restorations. 

To produce a biological seal, several attempts have been done to incorporate antibacterial agents 

into dental adhesives. These agents include dimethylaminododecyl methacrylate (DMADDM) 

[4], quaternary ammonium salt [5] and chlorhexidine [6]. Most of them, however, could be bound 

to dental adhesives (eg, DMADDM). Their release will, therefore, be limited. On the other 

hand, a significant release over a short period of time could occur with other agents (eg, 

chlorhexidine). In such case, a reduction in mechanical properties will be expected.  The need 

for an antibacterial agent that shows a long sustained release will, therefore, be highly required.  

Bioactive phosphate-based glasses found great interest as fillers in composites for potential 

dental applications [7, 8]. They are degradable. Their degradation can be easily controlled to vary 

from hours to years according to their tunable composition [9]. They release ions eg calcium and 
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phosphate [8] that could potentially help in tooth remineralization. They can be doped with 

various oxides to induce different properties. For example, antibacterial actions can be 

introduced into these glasses by incorporation of oxides such as silver [10], copper [11] and zinc 

[12]. They can be prepared into different forms eg, regular-shaped particles (microspheres) [13, 

14] and irregular-shaped particles (microparticles). Unlike irregularly shaped particles, 

microspheres have a uniform shape and size. They, therefore, could improve the stiffness, 

impact resistance and surface finish of composites [13]. They also provide a comparatively larger 

surface area required for therapeutic coatings and ion release [13].   

This study aimed to incorporate different wt% of copper-doped phosphate glass microparticles 

or microspheres into an experimental hydrophilic, phosphate-substituted methacrylate adhesive 

[15] – See Figure 1. The action of glass fillers on morphology, surface roughness, monomer 

conversion, thermal properties and antibacterial action of experimental adhesives was 

considered. The null-hypothesis was “there is no difference between glass-filled and unfilled 

adhesives regarding their morphology, the degree of monomer conversion, thermal properties 

and antibacterial action”. 

2. Experimental Section 

2.1. Co-monomer  

The experimental adhesive co-monomer used in this study is composed of 40 wt% 2,2-bis[4-

(2-hydroxy-3-methyacryloyoxypropoxy)]-phenyl propane (BisGMA), 30% Bis-[2-

(methacryloyloxy)ethyl] phosphate (BisMP), 28.75%  2-hydroxyethyl methacrylate (HEMA), 

1%  2-ethyl-4-aminobenzoate (EDMAB) and 0.25%  camphorquinone (CQ) [15] – Table 1 (a).  

2.2. Copper-Doped Phosphate Glasses 

Copper-doped phosphate glasses, having the formula of 50P2O5-30CaO-10Na2O-10CuO, was 

prepared by melting an appropriate amount of NaH2PO4, CaHPO4, P2O5 and CuO or CuSO4 
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(Sigma-Aldrich, UK) – Table 1 (b).  The mix was melted at 1150 oC for 90 minutes using a 

100 ml volume platinum-5% gold crucible. The crucible containing the precursors was first 

dried at 350oC for 30 min prior to melting. The molten glass was then poured into a metal mould 

and allowed to cool down to room temperature to obtain the bulk glass.  

The bulk glasses were ground into microparticles utilising a ball milling machine (Retsch 

PM100) and then sieved into size range of 30-125 μm. For the preparation of microspheres, the 

sieved microparticles were fed into the oxy-acetylene flame of a thermal spray gun 

(Metallisation Ltd, UK) using a hopper feeding system, as described elsewhere [16]. Post-

manufacture, the microspheres were collected from the collection tube, washed with ethanol 

and dried overnight at 50 oC– Figure 2 (a).  

 2.3. Experimental Adhesives 

Glass microspheres or microparticles were added to the adhesive co-monomer at 0, 2.5, 5, 10 

and 20 wt%. The resultant adhesives were coded as shown in Table 2. After mixing, the 

produced adhesives were then pressed between two acetate sheets to produce very thin films 

(~1 mm thick). Using the acetate sheets also exclude the atmospheric oxygen that could 

interfere with the polymerization reaction. Then curing was done using the visible light curing 

unit (Triad 2000, Dentsply, USA) for 120 s. The unit operated at 115 V-2.3 AMP and 50-60 Hz 

frequency – Figure 2 (b).  

2.4. Electron Microscopic Analysis 

The surface topography and cross-sectional morphology of unfilled and filled adhesives were 

characterised using scanning electron microscopy (SEM - Philips XL30, FEI, USA) at an 

accelerating voltage of 20 kV. A sputtered coating of Au was used to avoid image distortion 

due to charging.  
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2.5. Nanomechanical Properties Mapping 

Surface mapping of nanomechanical properties of samples (n=3) was investigated using 

PeakForce QNM (Multimode 8, Bruker, Santa Barbara) under tapping mode. Samples were 

mounted on magnetic holders fixed on the microscope stage. Samples were scanned using a 

silicon tip (RTESPA-300) with a spring constant of 40 N.m-1 and frequency of 300 kHz. For 

each sample, at least three areas of 10×5 µm2 were probed. The filler distribution and 

topography of each sample were obtained from the recorded maps. 

2.6. Degree of Conversion (%) 

The degree of co-monomer conversion (DC%) was measured using ATR-FTIR spectrometry 

(Perkin Elmer Series 2000, UK). FTIR of co-monomer and cured polymers were obtained at 37 

°C after being centrally positioned on the Golden Gate Single Reflection Diamond ATR. 

Spectra at 500-4000 cm-1 were obtained using Timebase software with a resolution of 4 cm-1. 

The degree of conversion (%) was calculated (n=3) from the following equation [17].  

DC% = {1- [Caliphatic/ Caromatic] / [Ualiphatic/ Uaromatic]} × 100 

 

Where Caliphatic and Caromatic are areas of absorption C=C peaks at 1637 and at 1608 cm-1 of the 

polymerized specimen respectively. Whereas Ualiphatic and Uaromatic are areas of absorption C=C 

peaks at 1637 and 1608 cm-1 of the unpolymerized specimen, respectively. 

2.7. Thermal Analysis 

Simultaneous differential scanning calorimetry (DSC) and thermogravimetric (TGA) analysis 

for the adhesives were conducted over 25-600 ºC using SDT Q600. Thermal analysis was 

carried out under 100 mL min-1 nitrogen gas flow and 10 ºC min-1 heating rate. For the glass 

fillers, a high-temperature range (25-1000 °C) was used. For background correction, a blank 

run was conducted using an empty platinum pan. The heat flow and weight loss (%) of 

adhesives (~15 mg) were recorded against temperature. Data acquisition and processing were 

performed using TA Universal analysis 2000 software. 
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2.8. Agar Diffusion Assay 

The antibacterial action of the experimental adhesives was tested against caries associated 

bacteria (S. mutans NCTC 10449) and opportunistic pathogen (P. aeruginosa ATCC27853) 

using disc diffusion assay [18]. The original stock of S. mutans or P.aeruginosa was maintained 

on brain heart infusion agar (BHI agar, Sigma-Aldrich, UK).  S. mutans culture was carried out 

in an anaerobic environmental chamber [N2:CO2:H2 = 80:10:10, Don Whitley MG1000; Don 

Whitley Scientific, Shipley, UK] at 37°C. P.aeruginosa  culture was carried out in an aerobic 

environmental chamber at 37°C. Samples were incubated without shaking. The assay was 

repeated 3 times. 

Cells of freshly grown overnight cultures of each bacteria were dispersed in a phosphate buffer 

saline (Sigma -Aldrich, UK) to obtain a standardized culture of approximately 108 cells.ml-1. A 

confluent layer of the standardized culture of each bacteria was spread on isosensitest agar (IST 

agar Oxoid, UK).  Discs (n=3 & diameter = 5mm) of experimental adhesives along with positive 

control discs were placed on agar. 50 µL of both 0.2 %  chlorhexidine digluconate (CHX, Oxoid, 

UK) and 225 ppm fluoride [F-, FluoriGard, Colgate, UK]  loaded onto a blank filter paper disc 

cartridge were used as positive controls for S. mutans experiment. Tobramycin (10µg, 

OxoidTM Basingstoke, UK) discs were used as positive controls for P. aeroginosa experiment. 

The diameters of any zones formed around the discs were measured in millimetres using a 

calliper. 

2.9. Statistical Analysis 

One-way analysis of variance (ANOVA) was used to test the significance difference between 

groups. The t-test was used was used to compare the mean of each series from microspheres-

filled adhesives with its counterpart from microparticles-filled adhesives (eg, compare between 

2.5CPMP and 2.5CSMP). The significance level was set at 0.5% and; SPSS 20 was used.  

3. Results  
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3.1. Electron Microscopic Analysis  

SEM images presented in Figure 3 (a) revealed the difference in morphology and size between 

glass microparticles and microspheres. The size of microspheres varies from 60-200 m. The 

size of microparticles varies from <60-200 m. It was difficult to accurately measure the lower 

range of size of microparticles due to their agglomeration.  

The top surface morphology of unfilled and filled adhesives are presented in Figure 3 (b). The 

unfilled adhesive exhibited smooth blister-like surface texture. Microparticles-filled adhesives 

showed the dispersion of some microparticles on the top surface of samples. Microspheres-

filled adhesives showed similar morphology to unfilled adhesives, but the blisters were 

comparatively larger and regular due to the presence of microspheres.  

Cross-sectioned SEM images of unfilled adhesives also revealed a smooth surface (indicated 

by a green arrow). Microparticles-filled adhesives showed comparatively rough texture 

(indicated by yellow arrows). Microparticles-filled adhesives showed impregnation of 

microspheres within the polymer matrix (indicated by red arrows) - Figure 3 (c). 

3.2. Nanomechanical Properties Mapping 

As shown from Figure 4, the unfilled adhesive had a relatively smooth surface. Addition of 2.5 

wt% of the glass microparticles produced localized sharp protrusions of few hundreds of 

nanometres to microns in size. Associated with these features, an increase in roughness was 

observed. The number of these features increased with increasing the filler contents. With glass 

filler microspheres, samples with 2.5 wt% filler showed the presence of a large number of 

smooth ‘wrinkle-like’ structures. The surface remained relatively smooth with filler content up 

to 5 wt%. A slight increase in roughness was only observed with samples containing >5 wt% 

filler. This increase in roughness, however, was not statistically significant from unfilled 

adhesive - Table 2. 
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3.3. Degree of Conversion (%) 

Generally, the DC% was not adversely affected by the presence of glass fillers. Only high wt% 

of glass (>10 wt% microparticles or > 5 wt% microspheres) produced a significant increase in 

DC%. There was no significant difference in the degree of conversion of formulations filled 

with glass microspheres or microparticles. Only 5 and 10 wt% glass microspheres had 

significantly higher degree of conversion than their microparticles-filled counterparts - Table 

2. 

3.4. Thermal Analysis 

As seen from Figure 5 (a), glass microspheres have a higher glass transition temperature 

(~410 °C) than microparticles (~395 °C). They also have an earlier crystallization peak 

(~570 °C) than microparticles (~605 °C). Only one melting peak was detected for microspheres 

(~715 °C), but two were seen for microparticles (700 and 720 °C). As seen from Figure 5 (b), 

the unfilled adhesive has only one exothermic peak ascribed to polymer decomposition at ~315 

oC. Filled adhesives have additionally a very broad melting peak (600 – 1000 oC) for glass 

microparticles or microspheres.  

Upon heating the experimental adhesives, there is a significant weight loss that starts (25 – 

270 °C) and ends (400 – 600 °C) gradually. Sharp weight loss was observed over 270 – 400 °C. 

The unfilled adhesive showed the maximum weight loss %. Increasing the amount of glass 

incorporated into the adhesive reduced the weight loss %– Table 2. 

3.5. Agar Diffusion Assay  

For antibacterial action against S. mutans, microparticles (up to 20 wt%) filled adhesives 

showed significantly larger inhibition zone than unfilled adhesives. Microspheres (only up to 5 

wt%) filled adhesives showed significantly larger inhibition zone than unfilled adhesives. 

Regardless of this significant increase in antibacterial action, all experimental adhesives showed 

significantly smaller inhibition zone than positive controls (Chlorhexidine and fluoride). 
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Regarding the glass powder shape and up to 5 wt%, there was no significant difference between 

microparticles and microspheres filled adhesives. Microparticles filled adhesives with > 5wt% 

showed significantly larger inhibition zone than their microspheres counterparts – Figure 6 (a 

& b). 

For antibacterial action against P. aeruginosa, all filled adhesives showed larger inhibition zone 

than unfilled adhesives. The only exception is 2.5CSMP that has similar inhibition zone to 

unfilled one – Figure 6 (c & d). Regardless of this significant increase in antibacterial action, 

all tested adhesives showed significantly smaller inhibition zone than positive controls 

(Tobramycin). The only exception is 20CPMP that has similar inhibition zone to the positive 

control. Regarding the glass powder shape, there was no significant difference between 

microparticles and microspheres filled adhesives at > 5 wt%. At ≤ 5 wt%, microspheres filled 

adhesives showed significantly larger inhibition zone than their microparticles counterparts – 

Figure 6 (c & d). 

4. Discussion 

Elimination of nanoleakage at tooth-restoration interface is almost a very challenging. 

Formulating an adhesive with both antibacterial (to inhibit the bacterial growth) and 

remineralizing actions (to strengthen the remaining tooth structure) would be the ultimate goal 

in dentistry.   

In this study, both experimental adhesive monomer and glass fillers are hydrophilic. With water 

sorption, the release of ions (eg, calcium, phosphorous and copper) from the glass fillers will 

be expected. Calcium and phosphorus would potentially help in re-mineralization of etched 

dentin particularly at those areas where the adhesive fails to penetrate. The copper, however, 

could help in caries prevention by its antibacterial action. This study aimed to investigate the 

action of these glasses on surface roughness, the degree of monomer conversion, thermal and 
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antibacterial properties of the experimental adhesive. The re-mineralizing potential of these 

experimental adhesives will be tested in the future. 

Due to the hydrophilic nature of both experimental adhesive monomer and glass fillers, the fear 

of filler agglomeration and subsequent phase separation upon their mixing was eliminated. The 

addition of glass microparticles or microspheres produced no significant change in surface 

roughness when compared with unfilled adhesives. Therefore there is no reason to reject the 

null-hypothesis for surface roughness.  

The degree of conversion is an important property in determining the effectiveness of the 

adhesive. Low degree of conversion results in low stiffness and hence low bond strength [19]. 

The addition of high weight % of microparticles or microspheres significantly enhanced the 

degree of conversion. This could indicate the proper dispersion of filler particles within the 

polymeric matrix [20]. Maintaining the homogeneity of filled adhesives could be therefore 

responsible for the high degree of conversion obtained after the addition of fillers. When the 

size of filler particles approaches the wavelength of curing light, a scattering of light could 

occur. In such case, a low degree of conversion will be expected. Since the size of glass filler 

particles is far from the wavelength of curing light, the degree of conversion was not adversely 

affected in filled formulations [21]. The degree of conversion of the unfilled adhesive is similar 

to that obtained by Carneiro et al., [22].  It is, however, lower than that obtained by Ito et al., [17]. 

This could be attributed to variation in the source and intensity of light curing. Therefore, the 

null hypothesis for DC% will be rejected. 

The glass transition temperatures represent the point at which a large-scale molecular motion 

(primary or -relaxation) will occur. Below the glass transition temperature, localized 

molecular motion (ie, secondary or -relaxations) will be expected. At higher temperatures, 

however, the flow of chains will occur.  Therefore the glass transition of any material used 
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intra-orally should be higher than the mouth temperature [23]. The average glass transition 

temperature of the glass filler is ~400 °C. The differences in glass transition, crystallisation and 

melting temperature between microparticles and microspheres could be attributed to the 

differences in thermal history and the particle size.  Teixeira and Rincon [24] found that 

crystallisation temperatures of SiO2-CaO-Na2O glass shifted to lower temperatures as the 

particle size decreased. They also reported that the height of crystallisation peak would increase 

as the particle size deceased. The microparticles were produced by grinding the melt-quenched 

glass. The microspheres, however, were obtained by flame spheroidization which involves high 

temperatures. The surface area of microparticles is different from microspheres. The double 

melting peaks of microparticles could be due to the small size of particles [24]. The presence of 

carbon from polymer carbonization might be responsible for broadening of the melting peak of 

the glass seen at 600-1000 oC. Addition of glass filler also reduced the weight loss %. This is 

expected due to the reduction in wt% of the polymer. The first stage of weight loss could be 

related to loss of residual ethanol and low molecular weight monomers eg, HEMA [19]. The 

second and third stage could be attributed to the decomposition of high molecular weight 

polymers [BisMP and BisGMA respectively] [19].   

For the antibacterial study, S. mutans and P. aeruginosa were used. S. mutans is gram-positive 

cocci and associated with caries [25]. P. aeruginosa is a gram-negative, rod-shaped, an 

opportunistic multi-drug resistant bacteria.  It is associated with root canal infection [26] and 

biofilm formation [27]. The antibacterial action of the experimental adhesive could be related to 

the acidic nature of co-monomers used. Addition of glass fillers significantly enhanced the 

antibacterial action. The inhibitory action of copper was observed at a concentration of 0.16 

microM against S mutans [28] and 0.1–0.8mg.L-1 against P. aeurogenosa [29]. Although copper 

is vital as a cofactor of many enzymes, it could be toxic to bacteria via metal catalysed protein 

oxidation and generation of reactive oxygen species [30]. The antibacterial action of 10 and 20 
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wt% microspheres-containing formulations has no significant difference from the control 

adhesive. This could indicate that the level of copper release may be beyond the minimal 

inhibitory concentration. The variation seen between microspheres and microparticles filled 

adhesives could be related to the level of copper ion release and the minimal inhibitory 

concentration required for each bacteria. This could be confirmed by an ion release study that 

will be considered in the future work.  Generally, the null-hypothesis for antibacterial action 

will be rejected.  

Since both microparticles and microspheres were prepared using slightly different precursors, 

their chemical analysis will, therefore, be considered as future work. Furthermore, 

characterization of these experimental adhesives in term of mechanical properties and adhesion 

to dentin will be also considered. How these mechanical properties change over time and how 

the glass filler could affect the penetration of adhesives into dentin will be considered. 

Commercially available adhesives will be used as controls.  

5. Conclusions 

Incorporation of glass fillers (microparticles or microspheres) produced no significant change 

in surface roughness or DC%. Only high wt% of fillers produced a significant increase in DC%. 

Increasing the wt% of filler reduced the weight loss%. Furthermore, incorporation of glass 

fillers (up to 5 wt%) significantly increased the antibacterial action of adhesives against S. 

mutans and P. aeruginosa. All tested filled adhesives, however, showed significantly smaller 

inhibition zone than the positive controls. The only exception is 20CPMP that showed similar 

inhibition zone to Tobramycin. Microparticles-filled adhesives (with >5 wt% filler) 

significantly reduced S. mutans than microspheres counterparts. Microspheres-filled adhesives 

(with ≤5 wt% filler) significantly reduced P. aeruginosa than microparticles counterparts. 
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Figure 1: Diagrammatic representation of the experimental adhesives showing both monomer 

and glass microspheres components. The expected ion release involves Ca and P that will 

potentially be responsible for remineralization of tooth. Cu could provide antibacterial action 

at tooth-restoration interface.  
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Figure 2: (a) Schematic representation of microspheres production using flame spheroidization 

method. (b) Steps of preparation of experimental adhesives films.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: SEM images of: a) glass microparticles and microspheres. Microparticles have 

irregular morphology and slightly larger range of sizes than microspheres. Red arrows refer 

to some of the lower size range of particles (<60 μm). b) top surface of experimental adhesives 

produced using various weight % of glass microparticles and microspheres (scale bar 50 μm). 

Both unfilled adhesives and microspheres filled adhesives showed smooth blister-like surface 

texture. The blisters were comparatively larger and regular in filled than unfilled formulations. 

Microparticles filled adhesives showed the dispersion of some microparticles on the top surface. 

c) cross-section of experimental adhesives produced using various weight % of glass 

microparticles and microspheres (scale bar 200 μm). Impregnation of microspheres in the 

polymer matrix was observed. 
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Figure 4: 3D images of the surface of tested formulations. The roughness increased with 

increasing the glass filler content.   

 

  

(a)                                                                                                     (b) 

Figure 5: Differential scanning thermogram of glass microparticles versus microspheres (a) 

and unfilled adhesive (b). 
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(a)                                                 (b)  

 

                         (c)                                                 (d) 

Figure 6: Inhibition zone (mm) for S. mutans (a & b) and P. aeruginosa (c & d) for all tested 

adhesive formulations. CHX (chlorhexidine) and F (fluoride) were used as positive controls for 

S. mutans study. T (tobramycin) was the positive control for P. aeruginosa study. #, *, +, ‡ 

show a significant difference from unfilled adhesives, CHX, F and T respectively. The 

significant level was 0.05. For S. mutans, all filled formulations (except 10 & 20CSMP) showed 

significantly larger inhibition zone than unfilled adhesives. They however have smaller 

inhibition zone than fluoride and Chlorhexidine. For P. aeruginosa, all filled formulations 

(except 2.5 CPMP) showed larger inhibition zone than the unfilled adhesives. They (except 

20CPMP) however have smaller inhibition zone than Tobramycin. For s. mutans, >5 wt% 

microparticles filled adhesives have significantly larger inhibition zone than microspheres 

filled counterparts. For p. aeruginosa, <5 wt% microsphere produced significantly larger 

inhibition zone than microparticles filled counterparts.  
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Table 1: (a) Composition of the co-monomer (Mol% and structure of each component) used to 

provide the matrix for the experimental adhesives. (B) Precursors used, oxides required for 

preparation of glass microparticles and microspheres (the filler phase of the experimental 

adhesives) and mole% of each oxide. 

(a) Co-monomer  

Component Abbreviation Mol % Structure 

2,2-bis[4-(2-hydroxy-3-

methyacryloyoxypropoxy)]-

phyenyl propane  

BisGMA 19.6 

 

Bis-[2-(methacryloyloxy)ethyl] 

phosphate  

BisMP 23.4 

 

2-hydroxyethyl methacrylate  HEMA 55.5 

 

2-ethyl-4-aminobenzoate  EDMAB 1.2 

 

Campherquinone CQ 0.4 

 

(b) Copper-doped phosphate glass microparticles or microspheres 

Precursors Used/Chemical 

Formula 

Oxides Required /Chemical 

Formula 

Oxides Mole % 

Phosphorous pentoxide/ P2O5 Phosphorous pentoxide /P2O5 50 

Calcium hydrogen phosphate/ 

CaHPO4 

Calcium oxide/CaO 30 

Sodium dihydrogen 

phosphate/NaH2PO4 

Sodium oxide/Na2O 10 

Copper sulphate (CuSO4) for 

microparticls or Copper 

oxide/CuO for microspheres 

Copper oxide/CuO  10 
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Table 2: Codes, filler wt%/filler form, description, roughness (RQ & Ra), degree of monomer 

conversion (DC %) and weight loss % of experimental adhesives used in this study. * refers to 

statistical significance difference from the control (P). Significance level 0.05. 
Codes Filler wt%/Filler 

Form  

Description Roughness (nm) DC% Weight Loss 

% 

RQ Ra  

P 0/NA polymer (unfilled 

adhesive) 

19.4 ± 4.6 15.2 ± 3.2 44.7 ± 2.9 69 

2.5CPM

P 

2.5/microparticles copper-glass 

microparticles 

modified adhesive 

26.6 ± 8.2 19.1 ± 5.4 46.7 ± 2.7 66 

5CPMP 5/ microparticles 27.9 ± 6.7 20.9 ± 4.7 41.5 ± 2.0 65 

10CPMP 10/ microparticles 17.9 ± 6.5 14.1 ± 5.8 44.4 ± 2.1 64 

20CPMP 20/ microparticles 19.6 ± 7.0 15.5 ± 5.8  57.0 ± 2.8* 60 

2.5CSM

P 

2.5/microspheres copper-glass 

microspheres 

modified adhesive 

19.8 ± 6.6 15.5 ± 5.3 44.5 ± 3.1 65 

5CSMP 5/ microspheres 17.0 ± 2.4 13.3 ± 1.7 49.5 ± 2.3 64 

10CSMP 10/ microspheres 20.9 ± 10.1 16.6 ± 8 55.7 ± 2.9* 61 

20CSMP 20/ microspheres 15.3 ± 1.2 11.2 ± 1.1 56.3 ± 3.0* 55 
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Diagrammatic representation of the experimental adhesives showing the monomer components 

used in the preparation as well as the glass microspheres. The expected ions release (eg, Ca 

and P that will potentially be involved in remineralization of tooth and Cu that could provide 

antibacterial action) at tooth-restoration interface.  
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