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Polymer Nano-Composites (PNC) exhibit advanced applications that depend on the surface characteris-
tics and physicochemical properties of materials. These physical and physicochemical properties of mate-
rials can be modified for the use of nanomaterials as fillers in a polymer matrix with some appropriate
mixing or incorporation. Hence, it is a critical and crucial task to identify the apt amount of the filler that
is suitable for most of the applications. Hence, to identify the apt amount that is suitable for various
applications, we had synthesized the PNC using TiO, Nano-Particles (NPs) as filler in various amounts
in Poly-methyl-methacrylate (PMMA). As synthesized PNC was characterized for their optical, surface
and electrical properties. The results are compared in such a manner to find out the apt amount of
TiO,, which can give the best performance as PNC for various applications. The study illustrates that less
than 2% of TiO, incorporation is insufficient as the total surface contact is very less that is not suitable for
most of the applications. While for the incorporation of more than 5% of TiO, NPs, particles get start to
agglomerate during the synthesis of PNC that limits the applications of PNC that is generated due to
nano-phase of the material. The focused aim of this study is to enhance the properties of polymers in such
a manner that they can be used as biomaterials. Hence, we have also explored the wettability and bac-
terial response of the PNC. Here 3% — 4% incorporation of TiO, NPs provides excellent results to PNC,
so at these incorporation amounts of TiO, in PMMA, this modified PNC can be used as a biomaterial.
The technique explores the use of nanotechnology for the new class of PNC with modified properties.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

have to be used for the synthesis of various biological implants and
materials, such as ear replacement, tendon & knee prosthesis, hip

Biomaterials or biomedical devices are the substances or the
combination of substances other than drugs, synthetic [1] or natu-
ral [2] in origin that can be used for any period, which augments or
replaces partially or any tissue, organ or function of the body to
maintain or improve the quality of living beings. The gold was
the first material that had been used as a biomaterial for various
dentistry purposes [3]. Current advancement and state of the
biomedical field show the growing need for the development of
materials that can be used as a biomaterial [4]. As these materials
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prosthesis, ocular prosthesis, artificial heart & lungs, synthetic skin,
cardiac valve, tube for Neuron regeneration, catheters, blood stor-
age bags [5-14], etc.

Mechanical and chemical properties like tensile strength, hys-
teresis, diffusivity and easy processing increases the use of poly-
mers for the synthesis of lightweight materials and biological
applications [15-17]. Biological response of the polymeric bioma-
terial is complex and it depends on surface characteristics, wetta-
bility, chemistry and morphology of the material used [18-21]. No
polymer, in general, has these particular properties to be used for
various biomedical and other applications [21]. Hence, it shows
the growing need for the development of such materials that can

Selection and Peer-review under responsibility of the scientific committee of the International Conference on Advancement in Nanoelectronics and Communication

Technologies.


https://doi.org/10.1016/j.matpr.2020.05.202
mailto:agarwal.ravi.cct@gmail.com
https://doi.org/10.1016/j.matpr.2020.05.202
http://www.sciencedirect.com/science/journal/22147853
http://www.elsevier.com/locate/matpr

138 N.K. Agrawal et al. /Materials Today: Proceedings 30 (2020) 137-144

be used for various biomedical and other applications. Recently
Agarwal et al., shown an innovative approach for modulation of
physical, chemical and surface properties of polymers using nanos-
tructured materials in the polymer matrix [22,23]. Attractive forces
between polymeric chains and the tendency of polymerization
provide them unique qualities while reinforcing polymers by
employing organic [24] and inorganic nanoparticles that causes
the surface tuning, abrasion, cross-linking and the modification
of the chemical properties in a controlled manner [25-29].

Presence of nanoparticles as filler dispersion in nano-
composites exhibits remarkably improved properties, compared
to the pure polymers or their traditional composites [22]. The
smaller/ nano size of the filler material provides more area for
interaction with the polymer matrix [30]. The interaction area
between filler and polymer matrix composite is used in controlling
properties of PNC, which make these polymer nano-composite
materials special for use in particular applications. PNC represents
a new alternative to conventionally filled polymers with diverse
applications like flame resistance, conducting properties, compos-
ite reinforcement, barrier properties, solar cell applications, gas
sensor, biomedical sensors, cosmetics, bound catalysts, fuel cell
electrode, polymer blends, high-performance fabrics, ballistic pro-
tection, actuators, diffusion barriers, refractive index tuning, corro-
sion and scratch-resistant [31-37].

Hence, in this study, we have optimized the incorporation
amount in the PMMA matrix, applicable in various industries to
the synthesis of various biomedical applications. TiO, nanoparti-
cles provide vast utility in numerous applications like biomedical
imaging, antibacterial activities, sensing, optics, adhesives, printing
inks, water purifiers, food colourant and photo catalyzation, solar
cell application, sunscreen lotions, organic dust decomposition.
Incorporation of TiO, NPs in PMMA amends the properties of
PMMA drastically, such as synthesis of high refractive index mate-
rials with improved optical and electrical properties [20]. PMMA-
TiO, composites are also used as additives, ultrafast optical nonlin-
earity measurements, optical waveguide, photovoltaic application,
semiconductor materials for biomedical applications, discharge of
sweat in artificial skin, urine in kidneys, environment protection
and preservation and to form a protective pigment kind of film
to get opaque films [35-39]. For the synthesis of TiO,-PMMA
nano-composite, TiO, Nanoparticles have been synthesized by
the chemical route and mixed in PMMA in various percentages
for the preparation of nano-composite polymer membranes by
solution casting method. These membranes are characterized by
XRD, SEM, AFM and UV-Vis spectroscopy for the determination
of physical and surface characteristics. The electrochemical
response of membranes has been determined by measuring I-V
characteristics. A study of the bacterial response of these mem-
branes has been determined using E. coli bacteria and wettability
has been determined by measuring the water contact angle of
the membranes. The results of the analysis are compared simulta-
neously to determine the best performance of polymer nano-
composites.

2. Materials and methods

Synthesis of colloidal TiO, NPs had been accomplished using a
simple chemical precipitation method as described by Verma
et al. [40-42]. TiO, NPs were prepared by aqueous hydrolysis of
TiCls. The TiCl4 (99.5% pure) was cooled at —20 °C in a deep freezer,
then 10 ml of TiCl4 was taken into stopping funnel and added drop-
wise into 400 ml of deionized water at the reaction temperature of
0° £ 0.2 °C, under rigorous stirring conditions for 48 h. A white
coloured precipitate thus obtained was filtered and washed with

distilled water. These NPs were dried and characterized by TEM
and XRD.

Particle size and morphology of the TiO, NPs were determined
using a Technika TEM instrument operating at 200 kV. The dried
NPs were dispersed in acetone by ultra-sonication and a drop of
this stable particle dispersion was kept and dried on a carbon-
coated copper TEM grid, for TEM measurements. Phase and particle
size of the TiO, NPs were obtained using X'Pert Pro X-ray diffrac-
tometer (PAN analytical BV, The Netherlands) operated at 45 kV
and 40 mA current. 1.54059A copper Ko radiation was used as a
primary source of X-ray. Scanning was done for 26 from 5° to 60°
with a step size=0.01° and time per step=1.1s. Particle size
was determined by the Debye-Scherer formula and crystalline
phases were determined using Powder X high Score Plus software.

PMMA granules were used to prepare 20 pm membranes by a
solution casting method. PMMA granules were obtained as
commercial-grade from Loxim Polymers, Jaipur-India. Dichloro-
methane of the extra pure grade was used as a solvent for prepar-
ing a polymer solution. PMMA granules were weighed and
dissolved in dichloromethane (CH,Cl,) using a magnetic stirrer to
ensure uniform dissolution and to enhance the rate of dissolution.
The process was carried out at room temperature for around 3 h
until a clear solution formed then pour it in flat-bottomed Petri-
dishes floating on mercury to obtained uniform thickness
membranes. 0.1, 0.5, 1.0, 2.0, 3.5, 5.0 and 8.0 wt% TiO, nano-
composite, PMMA membranes were also prepared by solution
casting method. For the synthesis of Polymer Nano-Composites
Membrane (PNCM), separate PMMA solutions were prepared in
the same way as mentioned above for pristine membranes. The
appropriate quantity of TiO, nanoparticles was dispersed in
dichloromethane using ultra-sonicator. These dispersed solutions
were then added to the PMMA solutions and stirred for around
30 min then pour into flat-bottomed Petri-dishes floating on mer-
cury to obtained uniform thickness membranes. After the complete
evaporation of dichloromethane, membranes were peeled off using
forceps.

XRD measurements on synthesized PNCMs were carried out
using similar X'Pert Pro X-ray diffractometer (PAN analytical BV,
The Netherlands), used for characterization of TiO, NPs operating
at similar conditions. Topography and effect of TiO, casting on sur-
face characteristics of PMMA membranes were carried out using a
Scanning electron microscope (Carl ZEISS EVOR —18) operated at
20 kV. Emendation of surface characteristics and surface roughness
due to the presence of TiO, NPs in polymer membranes were also
characterized using Nanosurf Easy Scan-2 Atomic force micro-
scopy. The dual-beam UV-Vis Spectrophotometer (Shimadzu
2100) determined alteration and optical properties of PMMA mem-
branes due to TiO2 incorporation. We have also determined the I-V
characteristics of the NC membranes using Keithley
Nanovoltmeter.

As these polymer NC membranes can be used for various appli-
cations including biomaterial synthesis, hence wettability and
antibacterial properties of this material turn out to be an important
investigation. Wettability of these PNC had been determined by
measuring water contact angle, a 5 ul droplet of double distilled
water had been clanged on to horizontal PNC membrane surface
and contact angle was determined. Nanoparticles of TiO, show
admirable catalytic and antibacterial activity against various
microorganisms under UV illumination. Hence, the bacterial deac-
tivation rate also investigated for these PNCs using E. coli bacteria.
A set of eight pieces (1 cm X1 cm) were taken from each PNC
membrane and used for this investigation. The standard E. coli
inoculums were prepared as described by Agarwal et. al. [40] and
10% of these fresh standard inoculums of E. coli (~115 cfu/ml)
were inoculated in 100 ml sterilized normal saline, and then
20 pl of this solution was positioned on each piece of PNC and illu-
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minated by UV light. A piece from each set was taken after 1 h then
dissolved in dichloromethane and investigated using
Spectrophotometer.

3. Results and discussion

In this study, we have preferred TiO, NPs, as they have a vast
range of applications including advance biomaterial synthesis.
The synthesized NPs had been characterized by TEM and XRD to
confirm the aspect and crystalline phase/ size of the material.
The x-ray diffraction pattern of TiO, NPs is shown in Fig. 1. The
anatase phase TiO, NPs were obtained having crystalline planes
as A(101),A(121),A(004) and A (211) at the 20 reflection
angle of 25.3°, 30.9 °, 36.8 °, and 54.9°, respectively. Crystalline
sizes were determined using the Debye-Scherer formula appeared
as 5 nm, 5.5 nm, 5.6 nm, and 5.3 nm, respectively. The peak analy-
sis, fitted by the Gaussian curve method of XRD pattern and com-
parison with JCPDS files (no. 21-1272 and 29-1360) shows the
anatase phase of TiO, NPs and absence of other reflection planes
confirm the absence of other types of contamination with the par-
ticles. Particle size and morphology of TiO, NPs are obtained by
TEM (Fig. 2). TiO, synthesized having a spherical shape, narrow
particle size distribution and particle size ranging from 5 nm to
10 nm. Distinct particles in the TEM image show no aggregation
of TiO, NPs.

These NPs were further used for the synthesis of polymer
nanocomposites, but it is very important to use the apt amount
of NPs in polymers composites. As at the lower amount of NPs in
PNC, surface concentration/content of NPs are very low that cannot
tender superior performance in various applications while the
higher amount of NPs can cause the agglomeration of NPs during
the synthesis of PNC that can lead to hindrance/encumbrance of
properties generated due to the nanophase of material. Hence, to
identify the apt amount of TiO, NPs that can give the best perfor-
mance of PNC in various applications, we had synthesized 0.1, 0.5,
1.0, 2.0, 3.5, 5.0 and 8.0 wt% TiO, - PMMA nanocomposite mem-
branes. A pristine membrane of PMMA was also synthesized to
use as a control.

The membranes were characterized by XRD to probe the nano-
composite structure and behaviour/state of the NPs in the course of
the PNC synthesis. For this particular investigation, monitoring of
intensity can give the information about the surface contents of
the NPs (for a higher amount of NPs on the surface gives higher
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Fig. 1. XRD pattern of TiO, nanoparticles synthesized using wet chemical methods.
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Fig. 2. TEM micrograph of TiO, NPs, showing particle size and their distribution
between 5 and 10 nm.

XRD intensity) while diffraction planes at different angles, can give
the information about the crystallinity of the PNC and particle size
of the NPs in PNC (calculated using Debye-Scherer formula). Fig. 3
shows the XRD patterns of all synthesized polymer membranes
and Table 1 elucidates the particle size of the TiO, NPs for each
PNC. In all the XRD patterns, the crystalline planes for TiO, NPs
are at a similar position as observed for the synthesized PNC with
a similar phase and all parameters. A broad peak corresponding to
the amorphous pattern of PMMA was also obtained between 10° -
22°. A significant conclusion can be drawn by comparing all the
XRD patterns simultaneously. It shows that as the concentration
of the TiO, NPs incorporation increases the relative intensity of
TiO, NPs in PMMA also increases, indicating a higher amount of
NPs onto the PMMA surface. Whereas by the comparison of the
data given in Table 1, we can conclude that particle size remains
almost constant up to 3.5 wt% TiO, incorporation in PMMA but
as the percentage increases further, the particle size of NPs also
get increased drastically in course of the synthesis of membranes

=~ PMMA
== PMMA + 0.1 % TiO, PNC
1014 1514
—PMMA +05 % Ti0; PNC 5z 3 004 A
= 3 36.8

211A
54.9

—PMMA + 1.0 % TiO, PNC
~—PMMA + 2.0 % TiO, PNC
~PMMA + 3.5 % TiO, PNC|
~~PMMA + 5.0 % TiO, PN

~~PMMA + 8.0 % TiO, PN

Intensity (a. u.)

236 (in degdroee) ! “

Fig. 3. XRD pattern of various polymer nanocomposites having 0.0, 0.1, 0.5, 1, 2, 3.5,
5, 8 wt% TiO, NPs incorporated in PMMA. The spectra clearly show an increase in
the relative intensity of TiO,, with the increase of TiO, incorporation of PMMA.
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Table 1

Average crystalline sizes for TiO, NPs in polymer nanocomposites having different TiO, incorporation.

20 (degree) FWHM Size (nm) Average (nm)
PMMA - - - -
PMMA + 0.1% TiO, PNC 25.3 1.2 7.1
30.9 1.1 75 7.3
36.8 1.2 7.4
54.9 1.6 73
PMMA + 0.5% TiO, PNC 25.3 1.2 71
30.9 1.1 75 7.4
36.8 1.3 72
54.9 1.5 7.8
PMMA + 1.0% TiO, PNC 25.3 1.1 7.3
30.9 1.2 7.2 75
36.8 1.2 7.4
54.9 1.4 8.2
PMMA + 2.0% TiO, PNC 25.3 1.3 7
30.9 1.2 72 7.7
36.8 1.1 8.1
54.9 1.3 8.8
PMMA + 3.5% TiO, PNC 25.3 1 7.9
30.9 1.1 75 8.8
36.8 1.1 8.1
54.9 1 11.6
PMMA + 5.0% TiO, PNC 25.3 0.6 14.4
30.9 0.5 16.5 15.0
36.8 0.8 13.3
54.9 0.8 15.8
PMMA + 8.0% TiO, PNC 253 0.3 32.1
30.9 0.2 40.2 38.0
36.8 0.2 411
54.9 03 38.9
(dissolution, incorporation, and drying), indicates for higher aration in the polymer matrix. The n-TiO, also shows excellent

amount TiO, incorporation, they start losing their properties
occurred due to nanoscale. It should be noted that best efficiency
generally obtained for the nano-scale phase separations [40]

The morphology and state of NPs in the course of PNC synthesis
has also been investigated by SEM (Fig. 4). The topography of PNC
shows that TiO, NPs were closely packed with PMMA, confirming
powerful contact formed between PMMA and TiO, NPs. The images
show TiO, NPs covering the PMMA particles such as connected to
form a conductive TiO, network in the interstitial space between
PMMA particles that can enhance the conductivity of the PNC.
The results are in well agree with the results of the study done
by Mizuno et. al. showing that 3 wt% titania nanofibers are well
dispersed and homogeneously distributed without any phase sep-

Apm EHT=1000kV
! WD =12.0 mm
' ~ 2.0% TiO,-PMMA PNCM

Slgnal A= SE1
Mag = 150.00 KX

adhesion and strong interfacial bonding to the PMMA [17].

It is well known that the surface roughness/properties are very
crucial for biomedical applications and biomaterial synthesis and
usually no polymer has the surface properties required for biomed-
ical material synthesis but the incorporation of NPs can offer the
desired surface property to the polymers that have been the pre-
mier objective of this work. Hence, the influence of the TiO, NPs
incorporation into the PMMA onto the membrane morphology
and surface roughness has been investigated using atomic force
microscopy (Fig. 5). The RMS surface roughness values were calcu-
lated in Table 2. A significant variation of 45 nm- 486 nm was
observed in the surface roughness with the increase of TiO, con-
centration in polymer membranes. The images clearly show that

Signal A = SE1
Mag = 150.00 K X

EHT'1000kV
WD=12.0mm

3.5% T102 _PMMA PNCM

Fig. 4. SEM micrograph of polymer nanocomposites having 2 and 3.5 wt% TiO, NPs incorporated in PMMA.
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Mean Fit 50 nm Mean fit 102 nm

Mean fit 191nm

Meanfit 152 nm

Pristine PMMA 0.1% TiO,-PMMA PNCM

2% TiO,-PMMA PNCM

3.5% TiO,-PMMA PNCM

Mean fit 228am Mean fit 218am

Mean fit 400 nm Mean fit 528am

0.5% TiO,-PMMA PNCM 1% TiO,-PMMA PNCM

5% TiO,-PMMA PNCM 8% TiO,-PMMA PNCM

Fig. 5. AFM micrograph of various polymer nanocomposites having 0.0, 0.1, 0.5, 1, 2, 3.5, 5, 8 wt% TiO, NPs incorporated in PMMA.

Table 2
Average roughness of PNCM determined through AFM
imaging.
Samples Surface Roughness (nm)
PMMA 45 nm
PMMA +0.1% TiO, PNC 74 nm
PMMA + 0.5% TiO, PNC 135nm
PMMA + 1.0% TiO, PNC 185 nm
PMMA + 2.0% TiO, PNC 210 nm
PMMA + 3.5% TiO, PNC 235 nm
PMMA + 5.0% TiO, PNC 296 nm
PMMA + 8.0% TiO, PNC 486 nm

the surface roughness is increasing with the increase of NPs con-
centration and for up to 3.5% of TiO, incorporation, NPs can easily
be identified but for the higher concentration of particles, surface
roughness increases drastically.

Variation of nanoscale phenomena can also be characterized by
the optical properties of the material, as the particle size of the
material decreases the band-gap of the material increases. Hence,
to determine the effect of different amounts of TiO, NPs incorpora-
tion in PMMA can also be investigated through UV-Visible spec-
troscopy. The UV-Visible spectrum of all PNCs has shown in
Fig. 6. With the increase of TiO, NPs incorporation in PNC, the
absorbance of PNC also was increased and the characteristic peak

w— PMMA PMMA +2.0 % TiO, PNC

=== PMMA + 0.1 % TiO, PNC === PMMA + 3.5 % TiO, PNC
w===PMMA + 0.5 % TiO, PNC === PMMA + 5.0 % TiO, PNC
e PMMA + 1.0 % TiO, PNC === PMMA + 8.0 % TiO, PNC

Absorbation (A.U.)

0 I T I I | )
350 400 450 500 550 600 650
Wavelength (nm)

Fig. 6. UV-Vis spectra of PNCM showing an increase in absorbance of PNC with the
increasing TiO, incorporation.
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of TiO, shows a slight redshift with increasing TiO, NPs amount,
this represents the particles being agglomerated at higher concen-
trations during the synthesis of PNC.

PMMA is a non-conducting polymer and normally it behaves as
an insulator, hence it is used for fabrication of switches and other
insulation materials in the electrical industry, while TiO, is a semi-
conductor material but sometimes it shows good conducting prop-
erties too. The SEM investigation in Fig. 4 shows that at a level of
3.5% incorporation of TiO, NPs, TiO, particles are distributed in
such a channel view that they are crossing the percolation thresh-
old to convert non-conducting PMMA into conducting PNC. This is
due to the TiO, NPs connected to form a conducting TiO, network
in the interstitial space between PMMA; hence, we have also inves-
tigated the I-V characteristic of PNC (Fig. 7). The measurement
shows that up to the 1% TiO, composite PNC, a very small current
less than 20nA flows through the membrane that is because there
is no TiO, conducting channel available to transport the current
through PNC. For 2% TiO, composite PNC the current amount
increase to 200nA but for further increase in TiO, incorporation,
significantly increase in the passing current was observed (2.1
uA, 3.8 pA and 4pA for 3.5%, 5% and 8% TiO, incorporated PNC)
through PNC, due to the manifestation of large TiO, channelling
in PNC. These results reveal that the PNC having more than 3%
incorporation of TiO, NPs can extensively use as conducting PNC
and fabrication of various organic solar cell devices, as TiO, NPs
are very absorber of solar UV radiation to convert them in
electron-hole pairs (Fig. 8).

TiO, NPs have the potential to disengage bacteria under the illu-
mination of UV light has the incorporation of TiO, in PMMA pro-
vides excellent antibacterial properties for biomedical
applications. The photocatalytic activity of TiO, including success-
ful extermination of bacteria, viruses, and fungi enhanced for the
particles below 20 nm. E. coli can be completely killed under UV
illumination on TiO, film after an hour but only 0.25gm/L nano-
phase titania to completely exterminate all the E. coli in 10 min.
As XRD and SEM result shows that TiO, NPs incorporated in the
membranes retain its nanophase (<20 nm) for up to 3.5% TiO,
PMMA PNC, XRD results also indicate that the surface content/
availability of TiO, increase with the increase of incorporated
TiO, amount in PNC. Hence, we had investigated the rate of
E. coli survival on these PNC under UV illumination. Eight pieces
(1 cm X 1 cm) were taken from each PNC membrane and divided
into eight sets such that each set contains a piece of each PNC, then
we positioned 20 pl as prepared solution of E. coli on a piece of
each membrane. Each set was dissolved after 1h in dichloro-

8.0x10° -
o PMNMA PMMA +2.0% 'l‘lO2 PNC

e PMMA + 0.1 % TiO, PNC (e PMNMA + 3.5 % TiO, PNC
PMMA + 0.5 % TiO, PNC (e PMNMA + 5.0 % TiO, PNC

6.0x10° -
1  em=PMMA + 1.0 % TiO, PNC |wmm=PMMA + 8.0 % TiO, PNC

Current (nA)

10 15 20
Voltage (V)

Fig. 7. 1-V characteristic of PNCM, showing higher conductivity for PNCM having
3.5% or more TiO, incorporation, as due to these incorporations large manifestation
of TiO, channelling occurs in PNC to achieve percolation threshold.

100

40 |—=—PMMA
~=o—PMMA + 0.1 % TiO, PNC
PMMA + 0.5 % TiO, PNC
=y=PMMA + 1.0 % TiO, PNC
20 - PMMA +2.0 % TiO, PNC
~=4=PMMA + 3.5 % TiO, PNC
=b=PMMA + 5.0 % TiO, PNC
—e—PMMA + 8.0 % TiO, PNC

i I ' I N T

0 2 4 6 8
Time (hrs)

E. coli survival (%)

0

Fig. 8. A bacterial survival study performed on synthesized PNCM under UV
illumination, showing the highest bacterial deactivation efficiency for the 3.5% TiO,
incorporated membrane.

methane and Optical density (OD) was recorded at 532 nm using
Spectrophotometer. Interesting results were found from this inves-
tigation that all the membranes show the negative bacterial sur-
vival/growth rate (-0.5, -0.8, —-1.2, —-6.3, -10.2, —15.1, —-10.1
and —3.4% per hour for pristine, 0.1%, 0.5%, 1.0%, 2.0%, 3.5%, 5.0%
and 8.0% respectively) under UV illumination but the PNC having
3.5% TiO, NPs was the best suitable for the extermination of the
bacteria as almost all the bacteria were get exterminated in 6 h.
Hence, this typical sterilization efficiency of these membranes
shows their applicability in various biomedical applications as
the number of bacteria in the open environment is very less com-
pared to the bacterial culture (~115 cfu/ml).

As a biological response to the water-wettable surface is quite
different from the biological response to poorly-water-wettable
surfaces as the surface energy of material drives the biological
response to a given material. Hence, the biocompatibility of mate-
rial can be shown as a function of the wettability and surface
energy of the material. Chemical nature, Surface structure, and sur-
face roughness affect the wettability i.e. contact angle of the solid
surface. Hence, the measurement of the contact angle has been
performed by the determination of the water contact angle on
the membranes. The result indicates that the contact angle is var-
ied from 125° to 66° with the increasing percentage of TiO, NPs in
PNC. This is important to note here that up to 0.5% incorporation of
TiO, NPs, variation in contact angles was very small/ negligible;
this may be due to a very low amount of NPs on the PNC surface.
However, with the further increase of TiO, incorporation, the con-
tact angle varies significantly showing that the wettability of the

Table 3
Water contact angle and surface energy of PNCM.

Sample Contact Angle (6 in degree)  Surface Energy (m]J/m?)
Pristine PMMA 125+1 31.80+0.52

0.1% TiO, + PMMA  125+1 31.80 £0.52

0.5% TiO, + PMMA 121 +1 35.37+£0.58

1.0% TiO, + PMMA 1031 56.48 +0.65

2.0% TiO, + PMMA  85%1 79.19+0.78

3.5% TiO, +PMMA  75+#1 91.68 £ 0.85

5.0% TiO, + PMMA 68 +1 100.11 £ 0.86

8.0% TiO, + PMMA 66 +1 102.44 +0.92
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PNC increases or the membranes becomes hydrophilic (Table 3). As
the surface energy is inversely proportional to the contact angle,
hence surface energy increase with the increase of the TiO, incor-
poration in PNC or the decrease in the contact angle. This makes
the water drop more stable on the PNC surface for a longer dura-
tion. The Surface energy of the polymer films calculated is shown
in Table 3. An important study performed on improving the wet-
ting properties for the biocompatibility of the material used in
medicine shows similar behaviour where p-TiO, increases the wet-
tability of polymer [28].

4. Conclusion

Reinforcing the polymer with nanoparticles for the formation of
PNC has started a new technology that is currently using for the
fabrication of biomedical sensors, solar cells, biomaterials and
implants (such as artificial bone, kidney, skin, skin diaphragm,
valves of heart and catheter synthesis. The use of PNC depends
on the type, property and amount of nanoparticles that have been
used to modify the properties of the base polymer. The apt amount
of nanomaterials can modify the surface and physiochemical prop-
erties in a controlled manner, so it becomes a crucial task to select
the number of nanoparticles that have been loaded. In this partic-
ular study, we have quantifies the number of nanoparticles that are
suitable for improvement in the properties of polymers. TiO, NPs
(as advanced biomedical applications) and PMMA (used as a bio-
material for a long time) were selected for this investigation. Ana-
tase phase TiO, NPs having a particle size between 5 and 10 nm has
been synthesized by the wet-chemical method and used for this
particular membrane. The PNC was synthesized in the form of
polymers membranes by solution casting method and character-
ized using various techniques. Based on the results obtained, a
comparison is made on the account of surface and physicochemical
modifications. The UV-Vis, XRD, SEM and AFM results collectively
show that below the 2% of TiO, incorporation, the surface content
of the NP is very low, so that surface roughness for PNC material is
very low, while more than 5% of TiO, incorporation in PMMA the
particle starts agglomerating during the synthesis of PNC. On the
other hand, 3% to 4% of TiO, incorporation in PMMA shows the
apt amount of NPs on the PNC surface to modify its surface rough-
ness, with maintaining the original particle size of TiO, NPs used
(8.8 nm as determined by XRD). Further, the investigation was con-
tinued by I-V measurements, which shows 2% of TiO, incorpora-
tion is not sufficient for providing the conductivity to PMMA but
as further TiO, mixing is increased, the PNC becomes more conduc-
tive as at higher percentage it obtains the percolation limit
enhances the conductivity. The focused aim of this investigation
was to show the use of this PNC for the synthesis of biomaterials
with enhanced properties, hence investigation of wettability, sur-
face energy and the bacterial response of the membranes becomes
important. The result of this study, also illustrates that less than 2%
of TiO, incorporation, there was not much increase in surface
energy of the materials, hence the wettability of the material is
poor but for higher TiO, incorporation, the surface energy
increases significantly, hence the wettability of the material and
water contact angle of PNC is improved. The bacterial response
of the PNC shows very interesting results because the 3.5% incor-
poration of TiO, NPs gives the best results of deactivation of bacte-
ria, while higher and lower percentage TiO, incorporated PNC has
shown poor efficiency to kill the bacteria comparatively, the result
can be explained on the basis that the TiO, NPs below 15 nm is
suitable for best deactivation of E. coli under UV illumination.
Finally, the comparative study of various characterizations is suffi-
cient to say that 3% to 4% TiO, incorporation of TiO, in PMMA is an

apt amount for significantly modifying the polymer properties for
the fabrication of advanced class of materials.
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