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Abstract: In the present research, anatase nanoparticles as reinforcement and bacterial adhesion reducer were
incorporated into a matrix of poly (methyl methacrylate) to obtain a composite material which combines
adequate mechanical properties and high resistance to bacterial adhesion The common pathological bacterial
species, Pseudomonas aeruginosa, Staphylococcus aureus and Klebsiella preumonia 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. The results showed that anatase nanoparticles
mnprove the stiffness and the compressive strength of the PMMA matrix, however, the flexural strength 1s
reduced noticeably. Nevertheless, a composite contaimng 10 wt.% of the anatase nanoparticles has the lnghest
resistance to the bacterial adhesion and adequate flexural strength. Moreover, the regression analysis produced
a common nonlinear model which excellently fits the experimental data for the different bacterial species using
the contact angle, the nanoscale roughness and the microscale roughness as independent variables.
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INTRODUCTION

The adhesion of the bacteria to the surfaces of solids
has great impact in the environmental, medical and
industrial applications. Thus, for many decades, it
attracted extensive interest from many researchers.
Although, the bacterial adhesion is very important for
many beneficial microbial commumities, it 1s the first step
for the coleonization of pathogenic bacteria that causes
many diseases and fouling m meny environments and
industries (Xing et al., 2015; Guegan et al., 2014; An and
Friedman, 1998).

Different strategies have been developed to prevent
or reduce the adhesion of the wndesired bacteria to the
surfaces and hence, prevent the subsequent biofilm
formation. These strategies typically include the use of
the biocides (Schaechter, 2004; Li and Ye, 2015), the
antibacterial metallic 1ons (Sharmila et ai, 2017,
Chaw et al., 2005; Fumo et al., 2004), the highly reactive
species produced by the photocatalysts (An and
Friedman, 1998; Lorenzetti ef al., 2015) and recently the
superhydrophobic surfaces (Zhang et al, 2013; Gu and
Ren, 2014; Hasan et al., 2018). However, drawbacks are
associated with the use of biocides and antibacterial

metallic ions. These mainly include the increase of the
bacterial resistance and cross-resistance to antibiotics
due to the use of biocides (Hasan et af., 2018; Rodrigues,
2011; Gu et al., 2016) and the potential implications for
human health and environment due to the use of metallic
1ons such as Ag” ion (Lorenzetti ef af., 2015, Han et al.,
2016; Singh et al., 2015). Based on that incorporating the
surface with photocatalysts and superhydrophobic
particles became an important research area in the last few
years (Hasan et al., 2018). However, understanding the
phenomena associated with the bacterial adhesions to
these surfaces and their inhibitions are still under
development (Razatos et al., 1998, Torres et al., 2005;
L1 and Logan, 2004).

Anatase which 1s the stable phase of TiO, at law
temperatures is a proved candidate to resist the bacterial
adhesion. Tt has a photocatalytic activity higher than that
of the common TiO, rutile phase (Singh ef al, 2015;
He et al., 2013; Puckett et af., 2010, Giordano et ai., 2011).
Thus, it has the 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. That is why anatase
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nanoparticles and nanostructures attracted considerable
interest in reducing the bacterial adhesion to swrfaces
(He et al., 2013; lang et al., 2009).

Though, the fragile structure and the fast degradation
of the surface chemistry of the nanomaterials hinder their
applying in real applications. In order to deal with this
1ssue, many routes are still in early development stages,
however, the use of composite materials 13 the most
mature route for facilitating nanoparticles durably for
inhibition bacterial adhesion (Guegan et al, 2014
Hasan et «l, 2018, Pavithra and Doble, 2008).
Unfortunately while the high percent of nanoparticles in
the composites is necessary for the reduction of the
bacterial adhesion, it results in serious declineinthe
mechamcal properties. This 18 mainly due to the
agglomeration of the nanoparticles and the formation of
voids in the composites (Crosby and Lee, 2007).

In our previous research, phase pure anatase
nanoparticles were prepared and incorporated ina matrix
of Poly Methyl Methacrylate (PMMA) with lngh weight
percents (Al-Rubiae, 2016). The bacterial adhesion test
gave evidences that these composites have the ability to
reduce the bacterial adhesion mnoticeably. In the
current research, the effect of the high weight percents of
the anatase nanoparticles on the mechamical properties of
TiO,/PMMA composites was investigated.

Moreover, in the current research, 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.
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
approaches (Donlan, 2002; Cheng et al, 2007,
Wassmann et «al, 2017; Habash and Reid, 1999).
Correlating the material properties to the adhering
bacteria is very important because the mechanisms
underlying the adhesion of bacteria to the surface are still
unclear (Song et al, 2015, Habimana et al., 2014
Speranza et al., 2004). However, the improper selection of
the variables and the regression technicque led to poor
agreement between the model and the experimental data.
For example, many studies mcluded the swrface free
energy, polarity of the surface and the work of adhesion
as independent variables in their models, although, these
are dependant variables of the contact angle which is
already mncluded in the models as mdependent variable
(Donlan, 2002; Habash and Reid, 1999; Teughels ef al,,
2006; Tanner et al., 2005; Quirynen et al, 1990). This
indicates that better models are still needed. In the current
research, the number of adhering bacteria was selected as
dependant variable wlile 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 nfluencing
microbial adhesion (Hasan et al., 2018; Rochford e al.,
2014).

MATERIALS AND METHODS

Poly (Methyl Methacrylate) from (Acros, M.W.
35000) and acetone from (Sigma-Aldrich, NLT $9.5%)
were used as received without further treatments. TiOQ,
nanoparticles were prepared as described m our previous
research (Al-Hydary, 2014). The particle size of these
nanoparticles is in the range of 30-70 nm and the BET
surface area is 38 m*/g.

Different Ti0, weight percents of 1, 5, 10, 20 and 35
were used to prepare the TiO,/PMMA composites. The
composites were prepared by mixing two mixtures;, The
first 1s a PMMA solution in acetone and the second 1s a
suspension of Ti0, nanoparticles in acetone. The polymer
solution was prepared by dissolving the PMMA in
acetone with a ratio of 1g of the polymer per 7 ml. of
acetone at 50°C under magnetic stiming. While the
suspension was prepared by mixing the TiO,
nanoparticles with acetone with a ratio of 1g of TiO,
nanoparticles per 20 ml. of acetone at room temperature
using somication treatment for 2 h. The suspension was
added to the solution and the resulting mixture was aged
at room temperature under magnetically stirring overnight.
After aging, a paste like material was obtained by adding
distilled water drop wise to the mixture with continuous
stirring. The paste was oven-dried at 80°C for 24 h and
crashed using mortar and pestle to form granules.

Hotpressing method was used to form the prepared
granules into pellets using a steel die and hydraulic press
with controlled heating unit. The specimens were heated
up to 155°C under a pressure of 11 MPa using a heating
rate of 2°C/min. After that the specimens were allowed to
cool to room temperature while the applied pressure was
maintamed. The specimens were cut to the desired
dimensions and subjected to ordinary surface grinding
process using SiC-paper from 600-1200 grit and were
polishedusing alumina powder with average particle size
of 1, 0.3 and 0.05 pm.

FTIR test was performed for the TiO, nanoparticles
and PMMA polymer as well as their composites to study
the bonding between the matrix and the reinforcement.
The FTIR spectra were recorded using (Shimadzu 1800,
Tapan) over wavenumber range of 400-4000 cm™ with a
resolution of 2 cm™.

The density of the specimens was measured using
Mettler Toledo (AG204, Switzland) densitometer and the
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theoretical density was estimated using the mixing rule.
The results were used for the comparison between the
measured and estimated density to have an idea about the
defects in the structure of the composites.

A universal test machine (Instron 5500R, USA) was
used to measure the ultimate-point compressive and
flexural strengthsusing 150 kN load cell at a crosshead
speed of 0.5 mm/min.The R scale Rockwell Hardness
(RHR) wastested usingdigital hardness testers (TRSD
M/P, India).

Automated contact angle mstrument (SL200K series,
KINO) was used to measure the contact angle of the
samples using the sessile drop technique and deionized
water at 25°C. The measurements, for triplicate samples,
were achieved within 15 sec after the positioning of
automatically dropped 3 uL droplet. The Surface Free
Energy (SFE) was calculated based on the average
contact angle data wusing 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 micro
roughness values were given as arithmetic average
pealk-to-valley value (uRa).

The 3D images of the surface topography were
obtained from a scan probe microscope machine
(SPM-AA3000, Angstrom Advanced, TJSA) using the
tapping mode scan, this method was also used to
determine the surface nanoroughness at randomly
selected areas of (10%10 um) of each specimen.

The cultwre of Pseudomonas aeruginosa (PA),
Staphylococcus aureus (SA) and Klebsiella pneumonia
(KP) bacterial and their adhesion tothe
sterilized specimens were performed as described in our
previous research given in details else where (Al-Rubiae,
2016).

Mimtab 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 wsed to
represent the results graphically.

species

RESULTS AND DISCUSSION

The FTIR spectraof the anatase nanoparticles,
PMMA polymer and Ti0,/PMMA composite are shown
in Fig. 1. For the anatase nanoparticles, two bands at
500-800 and 1033 cm assigned to Ti-O vibration have
been noticed (Busani and Devine, 2005; Nakamoto, 2009).
For the PMMA polymer, the bands assigned to
asymmetric and symmetric CH, stretching vibrations were
observed at 2958 and 2933 c¢m™. The bands attributed to

ester methyl stretching vibrations were noticed at

T% (a.u.)

— PMMA
—TiO,
— TiG/PMMA

T T T T T T T
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Fig. 1. FTIR spectra of PMMA polymer, anatase

nanoparticles and Ti0,/PMMA composite
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Fig. 2: The experimental and the theoretical density of the
T10,/PMMA composites

2995, 2948 and 3025 cm™. The band at 1733 cm” is arising
from carbonyl vibration. The broad peak ranging from
1260-1000 cm™ is owing to the C-O stretching vibration of
ester bond. The band at 950-650 cm™ is due to the bending
of C-H (Lipschitz, 1982; Balamurugan et al., 2004). Tn the
FTIR spectrum of the anatase (20 wt.%) PMMA
composite, the PMMA peaks at 1520-1560, 1640 and
3720 cm”' and the anatase band at 1033 were almost
disappeared and most of the PMMA peaks were
subjected to shifting and variation n the mtensities in the
spectrum of the composites while new peals at 590, 1600,
1440 and 2460 cm ' have been observed in the spectrum of
the composites. These changes indicatethe interaction
between the anatase nanoparticles and the PMMA
groups.

Figure 2 a comparison between the
experimental and the theoretical density which was
calculated according to mixing rule of the anatase/PMMA
composites. [t can be seen that there is a noticeable

shows
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hardness of the TiO,/PMMA

matching between the two densities of the composites.
This suggests the potential of the followed preparation
method to produce a sound compositeas compared with
the traditional melt mixing or solution casting methods.
This implies that the followed method can overcome one
of the main challenges in the preparation of polymer matrix
composites; Namely the ability to increase the level of
nano reinforcement which 1s not only mportant for
mechanical properties but also for the other properties
(Crosby and Lee, 2007). However, minor deviation of
<1.1% of the theoretical density could be noticed
indicating the development of minor defects i the
structure of the composites. These defects may be
developed because of the agglomeration of the anatase
nanoparticles.

Rockwell’s hardness of the prepared composites is
shown in Fig. 3. As a general trend, the hardness of the
composites mcreases with the increment of Ti0,
percentage, this indicates the reinforcement role of TiO,
nanoparticles n the matrix of PMMA polymer. This role
15 clearly appeared in the compressive strength of the
TiO,/PMMA composites shown in Fig. 4. However, when
the T10; percentage exceeds 10 wt.%, a gradual decrement
i the strength can be noticed may be due to the
agglomeration defects. These defects seem to dominate
the mechanical behavior of the composites in the case of
flexural strength as shown in Fig. 5 because the flexural
strength is very sensitive to the defects in the structure as
compared with the compressive strength.

The compressive and flexural moduli of elasticity of
the TiO/PMMA composites are shown in Fig. 6 and
Fig. 7, respectively. It can be seen that the stiffness of the
composites enhances with ncreasing the Ti0, percent,
this is due to the hindering the movement of the
polymer chains as a result of the remnforcement
role of Ti0,.
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Fig. 4. The compressive strength of the TiO,/PMMA
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Fig. 5: The flexural strength of the TiO,/PMMA
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Fig. 6: The compressive modulus of elasticity of the
TiO,/PMMA composites

Figure 8 demonstrates the contact angles of the
prepared composites. As illustrated in Fig. 9, the contact
angle value increases rapidly when the Ti0O, nanoparticles
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are incorporated in PMMA matrix and the surface of the
composite becomes hydrophobic with contact angle
higher than 90° when the amount of TiO, exceeds
around 3 wt.%. This is expected because of the high
hydrophobicity of the anatase nanoparticles. This
indicates the weak interaction between the water and the
hydrophobic surface of the composites as shown in
Fig. 10 which illustrates the values of the Surface Free
Energy (SFE) of the composites.

The three dimensional topographic images of the
composites are shown in Fig. 11. It can be seen that the
nanoscale features of the surface become finer and
shallower for some extent, upon the addition of anatase
nanoparticles, these features work on trapping air bubbles
and reduce the contact with water (Hasan et al., 2018;
Belaabed er ol., 2016). The nanoscale topographical
features and the weak chemical interaction explain
the hydrophobic nature of the surface. Morcover, these
features produced a nanoscale Roughness (nRa) that is
reduced upon the addition of the anatase nanoparticles as
given in Table 1. On the other hand, the variation in the
machincability of the composites produced a fluctuating
microscale Roughness (pRa) as given in Table 1.

The numbers of the adhering bacteria to the surface
of the TiO,/PMMA composites are given in Table 2. It is
obvious that the number of adhering bacteria is reduced
when the TiO, nanoparticles is incorporated in the
PMMA polymer regardless the type of the seclected
pathological bacterial species. Also, it is clear that the
lincar regression isn’t a suitable to correlate the values of
the selected independent variables and the numbers of
adhering bacteria. Based on that the nonlinear regression
technique was used to correlate the obtained data. The
regression showed that for all the sclected pathological

Nl
CA_L.=74.038°CA_R="72.542° CA_AV =73.290

Table 1: Values of the contact angle, nanoroughness and microroughness of
the TiO,/PMMA composites

TiO, Contact Nanoroughness  Microroughness
(wt.%) angle (%) nRa (nm) uRa (pum)

1 73.29 6.39 2.07

2 84.48 333 0.84

5 98.58 0.97 1.22

10 99.54 1.29 0.45

20 101.97 1.50 0.79

35 102.04 1.69 1.75

Table 2: Number of adhering bacteria on the TiO,/PMMA composites

Number of adhering bacteria
TiO, Staphylococcus Pseudomonas Klebsiella
(wt.%) aureus (SA) aeruginosa (PA) preumonia(KP)
0 211769 1274935 54023
1 73641 797462 18696
5 88739 616241 8479
10 57754 505347 8049
20 55673 671784 9464
35 63013 685261 9058
5 saf
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Fig. 7: The flexural modulus of elasticity

TiO,/PMMA composites
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Fig. 8: The images of the sessile water drop on the surface of TiO,/PMMA composites
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bacterial species, there is a common form for the fitting
equation that correlates the
variables with the number of the adhering bacteria, the
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selected

form of that equation is given in Eq. 1:

independent

C, 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 (R*).

_ 1
D= CI+C2X1+C3XZ +C4XIX2+C5XIX3 +C6X2X3 1 Table 3:  Values of the Ci coefficients for the formula of Stuphylococcus
Where: aureus (SA), Pseudomonas aeruginosa (PA) and Klebsiella
. . prevmonia (KP)
D The number of adhering bacteria Typeor
X, The contact angle bacteria @ G Cy C C. R
X, = The nanoscale Roughness (nRa) SA 52061 -158808  -30221 -313144 7316 133536 1
B ) PA 97145 -1177790 -380511 291595 592198 2110452 1
X; = The microscale Roughness (LRa) KP 3105 57128 7017 25398 9283 49805 1
1057 40
1004 u . Model Exponential
. = 351 Equation  y=y0+A*exp. (RO*x)
= y0 21.41682+0.36978
957 Model . . g A 17.0017+0.69291
< ode. xponentia 30 RO -0.49174£0.06473
K3} _ Equation  y=y0+tA*exp. (RO*x) 1 p
= 90 g R’(COD)  0.99518
g y0 101.24029+0.62407 2 AG R 099197
b A 277.774711.16382 2 v '
£ 857 RO -0.4852£0.06575 & 257
3 R*(COD)  0.9949 8
80 Adj.R> 09915 E
& 20 u n
75
70 15 T T T T T T 1
T T T T T T T T 1
0 5 10 15 20 25 30 35 40 1015 200 25 30 35 40
TiO, (Wt.%) TiO, (Wt.%)
Fig. 9: The contact angles of the TiOyPMMA  Fig 10: The Surface Free Energy (SFE) of the
composites TiO,/PMMA composites
®) ©

(@

Fig. 11: The 3D nanoscale topographical images of surface of TiO,/PMMA composites
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Fig. 12: The adhering behavior of the; a) Staphylococcus aureus (SA); b) Pseudomonas aeruginosa (PA) and c)

Klebsiella pneumonia (KP)

In order to demonstratethe adhering of the selected
bacterialspecies to the surfaces of the TiO,/PMMA
composites, ternary contour graphs have been adopted to
represent the three selected independent variables. This
type of graphs is used for the first time, for this purpose,
in the current study. It can be seen that Pseudomonas
aeruginosa (PA), Staphylococcus aureus (SA) and
Klebsiella pneumonia (KP) prefer a surface with low to
moderate contact angle, i.e., hydrophilic surface. This is
because of the hydrophilic nature of the surfaces of
these species (Al-Tahhan, 1998; Camprubi ef al., 1992;
Lerebour et al., 2004) that allow them to be attached
largely to hydrophilic surfaces (Guegan et al., 2014;
Al-Tahhan, 1998). Moreover, it has been found that
TiO,/PMMA composites with low nanoscale roughness
aren’t preferable for the adhesion of bacteria for all the
selected bacterial species indicating that the low
nanoscale topographical features play an important role
in the resistance to bacterial adhesion. In the recent
studies, it has been reported that these features trap air

bubbles that form a barrier between the bacteria and
the solid surface that prevents the bacteria to cross the
air-water interface (Hasan et al., 2018; Belaabed et al.,
2016). The microscale roughness, on the other hand is
preferred by the selected species may be due to the
compatibility of their sizes and shapes with the microscale
features that helps them to anchor to the surface in
agreement with the findings of recent report (Kathiresan
and Mohan, 2017; Truong et al., 2010).

In order to compare the affinity of the selected
species to the surface of the TiO,/PMMA composites, a
common axis for the dependent variable has been used in
the ternary graphs to show their relative adhering as
shown in Fig. 13. It is obvious that the sequence of
the affinity of the species to adhere to the
surface is Klebsiella  pneumonia<Staphylococcus
aureus<Pseudomonas aeruginosa. This sequence is in
agreement with that reported in literatures (Gu and Ren,
2014; Barrett, 1988; Ahearn et al., 2000), this indicates the
validity of the obtained models and the potential of the
ternary contour graph to represent this kind of results.
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Fig. 13: A comparison among the adhesion of the; a) Staphylococcus aureus (SA); b) Pseudomonas aeruginosa (PA)

and ¢) Klebsiella pneumonia (KP)
CONCLUSION

Incorporating the anatase nanoparticles into PMM
Amatrix improves the stiffness, the hardness and the
compressive strength of the composites, however, the
bending strength is reduced when high loading percents
of TiO, nanoparticles is used. Also, the surface features
of the composites are highly affected by the addition of
anatase nanoparticles in terms of contact angle,
microscale roughness and the nanoscale roughness.

The maximum resistance to the adhesion of
Klebsiella pneumonia, Staphylococcus aureus and
Pseudomonas aeruginosa species can be achieved when
the surface has high contact angle and low nanoscale
roughness. The TiO,/PMMA composite containing
10 wt.% of anatase nanoparticles compromises between
the resistance to the adhesion of these species and the
mechanical properties of the composite.

The number of the adhering bacteria can be
correlated to the contact angle, nanoscale roughness and
microscale roughness as independent variables using
nonlinear regression technique. The regressions analysis

produced a common model with different coefficients
which is suitable to fit the adhesion data of the selected
species that have different surface characteristics, size
and shape; Namely the gram negative Coccobacillui
bacteria (Klebsiella pneumonia), gram positive Cocci
bacteria (Staphylococcus aureus) and the gram negative
Bacilli bacteria (Pseudomonas aeruginosa).
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