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This work aims to synthesize composite material which combines adequate mechanical properties 
and high resistance to bacterial adhesion. Such materials are needed in many components in the 
medical, industrial, and environmental applications. To obtain that combination, high weight percents 
of anatase nanoparticles, as bacterial adhesion reducer, were incorporated into a matrix of the ABS 
terpolymer. Pseudomonas aeruginosa, Staphylococcus aureus, and Klebsiella pneumonia were 
selected for the bacterial adhesion tests. The surface properties of the composites were investigated 
and correlated to the adhesion behavior using nonlinear regression technique. It has been found that 
adding anatase nanoparticles improves the stiffness and the compressive strength of the terpolymer 
with a noticeable reduction in the flexural strength due to the development of minor defects in the 
structure. Nevertheless, a composite containing 10 wt% of anatase nanoparticles exhibited an interesting 
and adequate combination of the mechanical properties and the resistance to bacterial adhesion. The 
regression analysis produced a mathematical formula that excellently fits the experimental data. Such 
formula can be used to predict the bacterial adhesion to a surface based on its multi-scale features.
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1. Introduction

For many decades, the adhesion of bacteria to the surface 
of solids attracted extensive interest from many researchers; 
this is due to its great impact in the environmental, medical 
and industrial applications. Beside the importance of the 
bacterial adhesion for many beneficial microbial communities, 
the bacterial adhesion is the first step for the colonization of 
pathogenic bacteria that cause many diseases and fouling 
in many environments and industries. Thus, reduction the 
adhesion of the pathogenic bacteria to the surfaces of the 
materials is a very important issue because the bacterial 
adherence to surfaces is the critical first step in biofilm 
formation which, upon forming, makes the surface of the 
material a source for the spreading of the infection by the 
pathogenic bacteria1-3.

In order to prevent, or reduce, the adhesion of the 
undesired bacteria and its subsequent biofilm formation, 
different strategies have been developed. These typically 
include the use of biocides, antibacterial metallic ions4-6, 
highly reactive species produced by the photocatalysts2,7, and 
recently the use of superhydrophobic surfaces8-10. However, 
it has been reported that the use of biocides may increase the 
bacterial resistance and cross-resistance to antibiotics9,11,12. 
Also, the use of metallic ions such as Ag+ may have potential 
implications for human health and environment7,13,14. Based 

on that, incorporating the surface with photocatalysts and/or 
superhydrophobic particles became an important research 
area in the last few years9. However, understanding the 
phenomena associated with the bacterial adhesions to these 
surfaces and their inhibitions are still under development15-18.

It is well reported that anatase has a photocatalytic activity 
higher than that of rutile14,19-21, thus; it has higher ability to 
produce different reactive species, such as hydroxyl radical, 
hydrogen peroxide and superoxide, in different environments. 
Moreover, anatase nanoparticles have been reported to have 
superhydrophobic characteristics, thus; anatase nanoparticles 
and nanostructures attracted considerable interest in reducing 
the bacterial adhesion to surfaces20,22. However, challenges still 
remain in applying nanoparticles in real applications because 
of the fragile micro/nano structure and the fast degradation 
of surface chemistry. While many routes are still in early 
development stages, the use of composite materials is the 
most mature route for facilitating nanoparticles durably for 
inhibition bacterial adhesion1,9,23. However, while the high 
percent of nanoparticles in the composites is essential for 
the reduction of the bacterial adhesion, it results in serious 
decline in the mechanical properties. This is mainly due to 
the agglomeration of the nanoparticles and the formation of 
voids in the composites24.

In our previous works, phase pure anatase nanoparticles 
were prepared and incorporated in a matrix of acrylonitrile-
butadiene-styrene terpolymer (ABS) with high weight 
percents25. The bacterial adhesion test gave evidence that these 
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composites have the ability to reduce the bacterial adhesion 
noticeably. In the current work, the effect of the high weight 
percents of the anatase nanoparticles on the mechanical 
properties of TiO2/ABS composites was investigated. The 
combination of adequate mechanical properties and the 
resistance to bacterial adhesion is required for many potential 
applications including the devices, tools, and furniture in the 
medical, industrial, and environmental fields.

Besides the efforts to reduce the bacterial adhesion to 
solids, many research works have been reported to correlate 
the adhesion of the bacteria to the surface properties of 
the bacteria as well as the substratum using different 
approaches16,26-28. Correlating the material properties to the 
adhering bacteria is very important because the mechanisms 
underlying the adhesion of bacteria to the surface are still 
unclear29-31. However, the improper selection of the variables 
and the regression technique led to poor agreement between 
the model and the experimental data. This indicates that 
better models are still needed. For example, many studies 
included the surface free energy, polarity of the surface, 
and the work of adhesion as independent variables in their 
model, although these are dependant variables of the contact 
angle which is already included in the model as independent 
variable16,26,32-34.

In the current work the nonlinear regression technique 
was adopted, for the first time as per our best knowledge, 
to correlate the number of adhering bacteria to the surface 
properties of the composites. The number of adhering 
bacteria was selected as dependant variable, while, the 
contact angle, nanoscale roughness, and the microscale 
roughness were selected as independent variables because 
the surface roughness and the hydrophobicity are the main 
factors influencing microbial adhesion9,35.

2. Experimental Work

Acrylonitrile Butadiene Styrene (CHIMEI, PA-717C, 
China) and acetone (Sigma-Aldrich, NLT 99.5 %) were 
used as received without further treatments. TiO2 phase 
pure anatase nanoparticles, with particle size in the range of 
30-70 nm and BET surface area of 38 m2/g, were prepared 
as described in our previous work36.

TiO2/ABS composites with different TiO2 weight percents 
of 1, 5, 10, 20 and 35 were prepared by mixing a solution 
of ABS terpolymer in acetone with a suspension of TiO2 
nanoparticles in acetone. The polymer solution was prepared 
by dissolving the ABS terpolymer at 50°C, under magnetic 
stirring, in acetone with a ratio of 1 g of the polymer per 
7 ml of acetone. While, the suspension was prepared by 
mixing the TiO2 nanoparticles with acetone using sonication 
treatment for 2 h at room temperature with a ratio of 1 g of 
TiO2 nanoparticles per 20 ml of acetone. The suspension 
was added to the solution and the mixture was aged under 
magnetically stirring overnight at room temperature to 

consolidate the dispersion of the TiO2 nanoparticles in the 
ABS solution. After aging, distilled water was added drop 
by drop to the mixture with continuous stirring to get a paste 
like material. The paste was oven-dried at 80°C for 24 h and 
crashed using mortar and pestle to form granules.

Pellets were made by hot pressing method using a steel 
die and hydraulic press with controlled heating unit. The 
applied pressure was 11 MPa and the heating rate was 2°C/
min. After heating up to 165°C, the specimens were cooled 
to room temperature. The specimens were cut to the desired 
dimensions and subjected to ordinary surface grinding 
process using SiC-paper, from 600 to 1200 grit, and were 
polished using alumina powder with average particle size 
of 1, 0.3, and 0.05 µm.

FTIR test was performed for the TiO2 nanoparticles and 
ABS terpolymer as well as their composites to study the 
bonding between the ABS matrix and the anatase nanoparticles. 
The FTIR spectra were recorded using (Shimadzu 1800, 
Japan) over wavenumber range of 400-4000 cm-1 with 
resolution of 2 cm-1.

As the comparison between the measured and estimated 
density can give an idea about the defects in the microstructure, 
the density of the specimens was measured using Mettler 
Toledo (AG204, Switzland) densitometer and the theoretical 
density was estimated using the rule of mixtures37.

The ultimate-point compressive and flexural strengths 
were measured for specimens with dimensions of (3.5 mm 
x 12.7 mm x 16 mm) and (2 mm x 12.7 mm x 60 mm) 
respectively. Universal test machine (Instron 5500R, USA) 
with a 150 kN load cell at a crosshead speed of 0.5 mm/
min was used to perform the tests. The R scale Rockwell 
hardness (RHR) was tested using digital hardness testers 
(TRSD M/P, India).

The contact angle test was carried out using automated 
contact angle instrument (SL200K series, KINO). The sessile 
drop technique was followed using deionized water at 25°C. 
For triplicate samples, 3 µL droplet was automatically dropped 
on the surface and the measurement was achieved within 15 
s after the positioning of the drop. The surface free energy 
(SFE) was calculated based on the average contact angle 
data using the Neumann’s standard formula.

The microscale surface roughness was measured at three 
different sites with a stylus instrument (SRT-6210) for three 
specimens of each composite. The microroughness values 
were given as arithmetic average peak-to-valley value (µRa).

Three-dimensional images of the surface topography 
were obtained using the tapping mode scan by means of 
scan probe microscope machine (SPM-AA3000, Angstrom 
Advanced, USA), this method was also used to determine 
the surface nanoroughness at randomly selected areas of 
(2 µm × 2 µm) of each specimen.

The culture of Pseudomonas aeruginosa (PA), 
Staphylococcus aureus (SA) and Klebsiella pneumonia 
(KP) bacterial species and their adhesion to the sterilized 
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specimens were performed as described in our previous 
work given in details elsewhere25.

Minitab software (17.3.1) was used to analyze the 
obtained data and to perform the nonlinear regression; also, 
OriginPro 2016 software (b9.3.266) was used to represent 
the results graphically.

3. Results and Discussion

Fig. 1 shows the FTIR spectra of ABS terpolymer, 
anatase nanoparticles, and TiO2/ABS composite. For the ABS 
terpolymer, the bands at 968, 1490, and 2237 cm-1 are the 
characteristic bands of butadiene, styrene, and acrylonitrile 
respectively. The bands at 3060, 1607, 1508, 1457, and 
830 cm-1 belong to the benzene ring, the band at 2250 cm-1 
is attributed to (V-C≡N) bond, the band at 1647 cm-1 is for 
(V>C=C<), the bands at 965 and 740 cm-1 are due to (ω=CH), 
and the band at 1700 cm−1 is assigned to (C=O)38-40.

The absorptions due to the vibration modes representing 
the anatase structure have been noticed; two bands assigned 
to Ti-O vibration have been noticed, the first at 500-800 cm−1 
and the second at 1033 cm−1 41,42. The comparison of the FTIR 
spectrum of the anatase/ABS composites that contains 5 and 
20 wt% anatase nanoparticles, which have been chosen as 
representative spectra for the composites since all of them 
have mainly the same spectrum, with the spectrum of ABS 
and anatase nanoparticles showed that the ABS band at 965 
and 740 cm-1 were disappeared and most of the ABS bands 
were subjected to shifting and variation in the intensities in 
the spectrum of the composites. The anatase band at 1033 
cm-1 was shifted to 1028 cm-1, while new bands at 1049 
and 3026 cm-1 have been observed in the spectrum of the 
composites. The disappearance of the band, shifting of some 
bands, and development of new absorption bands indicate 
the interaction between the anatase nanoparticles and the 
ABS groups. This interaction is very important to improve 

the mechanical properties of the composites through the 
reinforcement effect.

A comparison between the experimentally measured density 
of the anatase/ABS composites and the theoretical density, 
which was calculated according to the rule of mixtures, is 
given in Fig. 2. It is obvious that the experimental density 
have an excellent matching with the theoretical density of the 
composites. However, minor deviation can be noticed when 
the percent of anatase nanoparticles exceeds 10 wt%. This 
indicates the development of minor defects in the structure 
of the composites. These defects may be developed because 
of the agglomeration of the anatase nanoparticles. These 
defects may work, based on their size, shape and distribution, 
as centres for the stress concentration that, in turn, reduces 
the mechanical strength of the composites.

Fig. 3 shows the profiles of the Rockwell’s hardness 
of the prepared composites. It is clearly appeared that the 
hardness of the samples decreases with the increment of TiO2 
percentage. This may be due to the agglomeration of TiO2 
nanoparticles which can be detected by the relatively big 
indenter in Rockwell hardness test (1/2΄΄ ball). However, the 

Figure 1. FTIR spectra of a) Anatase nanoparticles, b) TiO2 (20wt 
%)/ABS composite, c) TiO2 (5wt %)/ABS composite and d) ABS 
terpolymer

Figure 2. The experimental and the theoretical density of the TiO2/
ABS composites 

Figure 3. Rockwell’s hardness of the TiO2/ABS composites 
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maximum reduction in the hardness doesn’t exceed 5 % of the 
hardness of the ABS polymer indicating that the composites 
almost maintain the hardness of the ABS engineering polymer 
which is necessary for different applications.

Fig. 4 shows the change in compressive strength of 
the TiO2/ABS composites based on the variation of weight 
percent of TiO2. The compressive strength increases with 
increment of TiO2 percentage, up to 10 wt%, because of the 
reinforcement effect of the TiO2, this shows an advantage for 
the technique followed here to prepare the composite over the 
traditional melting or solution casting techniques; as it has 
been reported that one of the challenges in the preparation 
of polymer matrix composites is the ability to increase the 
level of nano reinforcement which is not only important for 
mechanical properties but also for the other properties24. 
However, when the percentage of TiO2 exceeds 10 wt%, the 
profile of the compressive strength follows decelerating slop 
may be due to the minor defects in the composites. As shown 
in Fig. 5, these defects seem to dominate the mechanical 
behavior of the composites in the case of flexural strength 
which is, as compared to compressive strength, very sensitive 
to the defects in the material.

Fig. 6 and Fig.7show the compressive and flexural 
modulus of elasticity of the TiO2/ABS composites. It has 
been noticed that the modulus’s of the samples increase with 
increasing the TiO2 percent indicating the enhancement of 
the stiffness of the composites. This improvement is due to 
hindering the movement of the polymer chains as a result of 
the reinforcement role of TiO2. Such improvement is important 
not only from the mechanical point of view as it increases 
the rigidity of the materials but also it may positively affect 
the bacterial adhesion resistance of the materials as it has 
been reported, in many studies, that the materials with high 
stiffness are more likely to resist the bacterial adhesion3,10,30.

The contact angles of the prepared composites are 
demonstrated in Fig. 8. It can be seen, as illustrated in 
Fig. 9, the contact angle increases when the TiO2 weight 
percent increases, this is expected because of the high 
hydrophobicity of the anatase nanoparticles. It is important to 
note that the surface of the composite becomes hydrophobic, 
with contact angle higher than 90°, when the amount of 
TiO2 exceeds 5 wt%. The surface free energy (SFE) of the 

Figure 4. The compressive strength of the TiO2/ABS composites 

Figure 5. The flexural strength of the TiO2/ABS composites 

Figure 6. The compressive modulus of elasticity of the TiO2/ABS 
composites 

Figure 7. The flexural modulus of elasticity of the TiO2/ABS 
composites 
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composites is given in Fig. 10, the results showed that the 
SFE is reduced along with the increment of the TiO2 weight 
percent; this indicates the weak interaction between the water 
and the hydrophobic surface of the composite.

The 3D images of the surface of the composites, obtained 
from AFM, are shown in Fig. 11. It is obvious that the 
nanoscale topographical features of the surface become finer 
and shallower upon the addition of anatase nanoparticles. 
This explains, in addition to the weak chemical interaction, 
the hydrophobicity of the surface as these features work 
on trapping air bubbles and reduce the contact with water. 
However, these topographical features become coarser and 
deeper when the TiO2 exceeds 20 wt%, this is may be related 
to the change in the machineability of the composites as well 
as the presences of the defects caused by the agglomeration 
of the anatase nanoparticles.

As shown in Table 1, the nanoscale roughness (nRa), 
which is a direct result of the nanoscale topographical 
features, is found to be reduced upon the addition of the 
anatase nanoparticles up to 20 wt%. Besides, a fluctuating 

microscale roughness (µRa) is obtained indicating the 
variation in the machineability of the composites.

Table 2 shows the results of the bacterial adhesion to the 
surface of the TiO2/ABS composites. It can be seen that the 
number of adhering bacteria, for all the selected species is 
reduced when the TiO2 nanoparticles is incorporated in the 
ABS terpolymer. However, there isn’t a linear relationship 
between the numbers of adhering bacteria and the selected 
independent variables neither as single variable nor as 
multivariable. Based on that, the nonlinear regression 
technique was used to correlate the results using Minitab 
software (17.3.1). It has been found that the equations which 
can be used to represent the obtained results of the bacterial 
adhesion for all the selected species have a common form 
shown in equation (1).

            (1)

Figure 8. The contact angles of the TiO2/ABS composites 

Figure 9. The images of the sessile water drop on the surface of TiO2/ABS composites 

Figure 10. The surface free energy (SFE) of the TiO2/ABS composites 
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Where D is the number of adhering bacteria, X1 is the 
contact angle, X2 is the nanoscale roughness (nRa), X3 is the 
microscale roughness (µRa), and Ci are the coefficients of 

the equation which depend on the type of the species and 
find the relative importance of the variables in the adhering 
process. The values of these coefficients are given in Table 3 
along with the values of the coefficient of the goodness of 
fitting (R2).

Fig. 12 demonstrates the adhering behavior of the selected 
bacterial species as a function of the selected independent 
variables in the form of ternary contour graph which is used 
for the first time, for this purpose, in the current study. The 
ternary contour graphs were plotted using OriginPro 2016 
software (b9.3.266), the values of the independent variables 
were generated using a programming code, written via quick 
basic programming language, in such a way that the sum of the 
three independent variables is always equal to one, while, the 
values of the dependant variable, the number of the adhering 
bacteria, was calculated according to equation (1) using the 
set of the coefficients concerning each type of bacteria. The 
obtained formula, with the help of the contour graphs, can 
be used not only to predict the adhesion of a given bacterial 
species to the surface of a specific material but also it helps 
to understand the combined effect of the three variable on 
the bacterial adhesion.

It can be seen that Pseudomonas aeruginosa (PA) and 
Staphylococcus aureus (SA) prefer a surface with low to 
moderate contact angle, i.e. hydrophilic surface, as these 
species have a hydrophilic surfaces43,44 that can be attached 
largely to hydrophilic surfaces1,45. While, Klebsiella pneumonia 

Figure 11. The 3D nanoscale topographical images of surface of TiO2/ABS composites 

Table 1. Values of the contact angle, nanoroughness, and microroughness 
of the TiO2/ABS composites

TiO2 
(wt%)

Contact 
Angle (°)

Nanoroughness 
nRa (nm)

Microroughness 
µRa (µm)

0 83.97 6.86 2.1

1 86.53 2.77 2.58

5 90.57 2.08 1.18

10 91.65 1.02 1.9

20 93.47 0.449 2.62

35 97.29 1.1 3

Table 2. Number of adhering bacteria on the TiO2/ABS composites

TiO2 
(wt%)

Number of Adhering Bacteria

Staphylococcus 
aureus (SA)

Pseudomonas 
aeruginosa 

(PA)

Klebsiella 
pneumonia 

(KP)

0 150339 1401176 40460

1 111688 773543 7487

5 105283 558955 7389

10 60388 548980 4026

20 94110 653234 10592

35 82651 688757 4369
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(KP), which has hydrophilic surface46, prefers a surface with 
very specific range of moderate contact angle.

On the other hand, it has been found that moderate to 
high nanoscale roughness is preferable for the adhesion of 
bacteria, this confirms that the low nanoscale topographical 
features, which trap air bubbles that form a barrier between 
the bacteria and the solid surface, prevent the bacteria to 
cross the air-water interface as reported in recent studies9,47.

Staphylococcus aureus (SA) seems to be neutral regarding 
the microscale roughness, this is may be due to its small 
size and spherical shape that help its anchor to the surface 
features47, while Pseudomonas aeruginosa (PA) prefer high 
microscale roughness which is compatible with its larger size, 
and Klebsiella pneumonia (KP) prefers low microscale and 
high nanoscale roughness’s in agreement with the findings 
of recent report48.

Fig. 13 shows a comparison among the adhesion of the 
selected species to the surface of the TiO2/ABS composites 
using a common axis for the dependent variable. It is clear 
that the tendencies of the species to adhere to the surface 
follow the sequence Klebsiella pneumonia < Staphylococcus 
aureus < Pseudomonas aeruginosa. These results are in 

agreement with that reported in literatures8,49-51 indicating 
the validity of the obtained model and the potential of the 
ternary contour graph to represent this kind of results.

4. Conclusions

The addition of anatase nanoparticles to the ABS 
terpolymer alters the surface properties of the polymer 
dramatically in the microscale as well as the nanoscale. The 
adhesion of Klebsiella pneumonia, Staphylococcus aureus, 
and Pseudomonas aeruginosa species to the surface of the 
prepared TiO2/ABS composites can be reduced significantly 
by obtaining a surface with high contact angle and low 
nanoscale roughness; this can be achieved using high 
weight percents of the anatase nanoparticles. However, the 
compromising between the mechanical properties and the 
bacterial adhesion is required when the flexural strength is 
needed. In such case, a composite containing 10 wt% of anatase 
nanoparticles can be used as it shows the best combination 
between the mechanical properties and high resistance to 
bacterial adhesion. Such materials can be used for medical 

Table 3. Values of the Ci coefficients for the formula of Staphylococcus aureus  (SA), Pseudomonas aeruginosa (PA), and Klebsiella 
pneumonia (KP)

Type of 
bacteria C1 C2 C3 C4 C5 C6 R2

SA 92943 -57864 36748 17978 8675 122433 1

PA 339073 -896274 -296513 -724730 405164 594356 1

KP 24095 -1754 18793 -37991 -4422 -35368 1

Figure 12. The adhering behavior of the Staphylococcus aureus (SA), Pseudomonas aeruginosa (PA), and Klebsiella pneumonia (KP) 

Figure 13. A comparison among the adhesion of the Staphylococcus aureus (SA), Pseudomonas aeruginosa (PA), and Klebsiella 
pneumonia (KP) 
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tools and devices, food processing machines and so on to 
prevent the infection related to the use of such components.

The nonlinear regression technique is capable to fit 
the results of the bacterial adhesion test using contact 
angle, nanoscale roughness, and microscale roughness as 
independent variables. It has been found that one model, 
with different coefficients, is suitable for the gram negative 
coccobacillui bacteria (Klebsiella pneumonia), gram 
positive cocci bacteria (Staphylococcus aureus), and the 
gram negative bacilli bacteria (Pseudomonas aeruginosa). 
Thus, employment this technique, with the aid of ternary 
contour graphs, to study the adhesion of different bacterial 
species to different surfaces may help in prediction and 
understanding the effect of the multi scale surface features 
on the resistance to bacterial adhesion.
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