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Abstract

This  study  describes  the  preparation  of  poly(methyl  methacrylate)  (PMMA)  composites  reinforced
with  various  loadings  (0  wt.%,  1.2  wt.%,  2.4  wt.%,  and  3.6  wt.%)  of  indium  oxide  (In2O3)  using
solution  casting.  Fourier-transformation  infrared  spectroscopy  was  used  to  analyze  the  structural
characteristics  of  the  nanocomposite  and  confirm  the  physical  interactions  between  In2O3
nanoparticles (NPs) and the PMMA matrix. Field emission scanning electron microscopy was used to
examine the nanocomposite surface and showed that the In2O3 NPs were distributed and homogenous
through the PMMA matrix. An increase in the ratio of In2O3 NPs in the PMMA changed the optical
characteristics with an increase in the absorbance, absorption coefficient, refractive index, extinction
coefficient,  and  real  and  imaginary  dielectric  constants  and  a  decrease  in  the  transmittance  and
indirect  energy  gap.  The  absorption  coefficient  was  <  104  cm−1,  confirming  the  indirect  electron
transition.  The  antibacterial  effect  of  PMMA/In2O3  films  were  examined  against  Gram-positive
Staphylococcus  aureus  and  Gram-negative  Escherichia  coli  and  demonstrated  an  increase  in
inhibition zone diameter with an increase in In2O3 NP content. Thus, the PMMA/In2O3 nanocomposite
exhibited antibacterial activity.

Keywords: poly  (methyl  methacrylate)  (PMMA);  In2O3  nanoparticles;  optical  characteristics;
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 Introduction

Polymer nanocomposites are polymers that have been
enhanced  through  the  incorporation  of  fillers  with
diverse  geometries  (e.g.,  platelets,  fibers,  or
spheroids) that are < 100 nm in at least one dimension
[1].  Nanocomposites,  resulting from the combination

of  various  materials,  structures,  and  compositions,
display a broad spectrum of properties that are highly
suitable  for  multiple  applications.  Consequently,
considerable interest has increased in multifunctional
materials within the nanocomposite sector [2].

Poly(methacrylates) are polymers derived from the
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esters  of  methacrylic  acid  and  have  the  chemical
formula  (C5H8O2)n  [1],  of  which  poly(methyl
methacrylate) (PMMA), is the most used. PMMA is a
standard  polymer  with  a  long  history  of  usage  [2,3].
PMMA is  neutral  and translucent  at  1.15–1.19 g/cm3

[4].  PMMA  is  used  as  a  structural  resource  in
orthopedics and orthodontia;  other polymers that  can
be  used  for  this  purpose  include  polyethylene  and
poly-ether-ether-ketone,  and  polymethacrylate  often
exhibits  poorer  motorized  strength  when  compared
with  these  two  former  options.  The  superior
adaptability  of  PMMA in  many  studies  compensates
for  its  disadvantage  [5].  PMMA has  emerged  as  the
most  useful  polymer  for  disposable  contact  lenses
because  of  the  cost-effectiveness,  chemical  and
photochemical  toughness,  and  exceptional  light
transmission within the visible range [6]. PMMA has
received  endorsement  for  usage  in  biomedical
applications  because  of  the  nontoxic  nature,  long-
lasting  chemical  stability,  and  favorable  mechanical
qualities.  PMMA is usually physiologically inert  and
often does not elicit inflammatory responses in tissues
[7].

Metal  oxide  nanoparticles  (NPs)  possess  unique
properties  and are employed in medical  research and
scientific  studies because of  their  intriguing qualities
and superior benefits in comparison with larger-sized
materials  [8].  Recent  research  suggests  that
incorporating  nanooxide  into  organic  polymers  can
enhance  their  physical  and  optical  properties  while
also  providing  resistance  against  cracking  and  aging
caused  by  environmental  stress.  The  antibacterial
properties  of  thin  films  of  indium  oxide  (In2O3)  are
evident  in  their  ability  to  disrupt  the  organization  of
bacterial  cell  membranes  and  regulate  the  activity  of
membrane-bound  enzymes.  Consequently,  they  have
been  used  to  eliminate  the  Gram-negative  bacterium
Escherichia  coli,  suggesting  potential  applications  in
the  treatment  of  infectious  diseases  [9].  In2O3  is  a
semiconductor  that  exhibits  n-type  conductivity  and
has  a  wide  band  gap.  Semiconductors  have  garnered
considerable  interest  because  of  their  controversial
inherent  material  properties,  including  their  broad
energy  band  gap  from  3.4  to  3.7  eV  [10].  In
stoichiometric  circumstances,  In2O3  frequently
exhibits  insulating  properties.  Nevertheless,  in  the
nonstoichiometric  form,  In2O3  transitions  to  a
semiconductor  state  characterized  by  substantial
conductivity [11]. In2O3 is recognized as a transparent

conductor  that  has  attracted  considerable  attention
because of the low effective mass of its electron. The
key characteristics of these features have produced an
increasing range of applications in the manufacturing
of  solar  cells,  antimicrobial  treatments  [12],  and
sensors [13].

The antibacterial activity of a material or chemical
relates  to  the  capacity  to  eradicate  or  impede  the
proliferation  of  bacteria.  Most  antibacterial  drugs
available  in  the  current  market  are  either  artificially
produced  or  derived  from  living  organisms  [14].
However,  hybrid  nanocomposites  have  also  been
assessed  for  their  antibacterial  efficacy  against  a
diverse range of bacterial and fungal species. To exert
their antimicrobial effects, NPs must have an intimate
contact  with  bacterial  cells  via  interactions  such  as
electrostatic  attractions,  van  der  Waals  forces,
receptor-ligand  interactions,  and  hydrophobic
interactions  [15].  NPs  infiltrate  the  bacterial
membrane  and interact  with  key  metabolic  pathways
to induce alterations to the structure and functionality
of  the  cell  membrane.  Within  the  bacterial  cell,  the
NPs  engage  with  DNA,  lysosomes,  ribosomes,  and
enzymes.  This  interaction  induces  oxidative  stress,
abnormalities  in  cell  membrane  permeability,
disturbances  in  electrolyte  balance,  inhibition  of
enzymes, deactivation of proteins, and inconsistencies
in gene expression [16].

Many  researchers  have  reported  syntheses  of
nanocomposites  for  antibacterial  applications.
Mohammed  et  al.  prepared  a  PMMA/Si3N4/TaC
nanocomposite  by  using  the  casting  method,
investigated the structural and optical properties, and
examined  the  antibacterial  application.  They  found
that  the  inhibition  zone  for  Staphylococcus  aureus
and  Klebsiella  aerogenes  increased  with  increasing
concentrations of Si3N4/TaC NPs [17].

Kadim et  al.  studied  the  effect  of  corn  starch  NPs
on  the  morphological,  optical,  and  dielectric
behaviors of a PVA/PMMA/PAAM polymer blend by
using  the  casting  method  for  optoelectronic  and
antibacterial  applications.  The  incorporation  content
of  CSNPs  into  the  polymer  blend  enhanced  the
bioactivity  of  the  composite.  The  sizes  of  the
inhibitory zones caused by S. aureus were 0, 26, and
32 mm for solutions containing 0 wt.%, 2 wt.%, and 4
wt.% CSNPs, respectively [18].

In  this  study,  we  prepared  a  PMMA/In2O3
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nanocomposite, investigated the structural and optical
properties, and applied it in antibacterial applications.

 Experimental

 Materials

Pure PMMA (Alpha Chemika, India) with an average
molecular  weight  of  120  000  g/mol  was  used  in  a
granular  form.  In2O3  NPs  (Sigma  Aldrich)  (99.8%
pure) formed a white powder 40-nm particle size and
was insoluble in water.

 Preparation of nanocomposites

PMMA  (1  g)  was  dissolved  in  chloroform  (50  mL)
for  30  min  at  room  temperature  (RT)  and  incubated
for  another  10  min  at  75–80  °C  with  stirring.  The
resulting  solution  was  cast  onto  clean  glass  Petri
dishes and maintained under air at RT for 240 h until
the solvent was completely evaporated. PMMA/In2O3

NPs  were  also  prepared  via  the  same  procedure  to
produce  nanocomposite  films.  The  method  is
summarized in Table 1. The average thickness of the
produced films was approximately 0.10 mm.
 
 

Table 1 Preparation of pure PMMA and nanocomposite films

In2O3 (wt.%) PMMA (g) In2O3 (g)

0 1 0

1.2 0.988 0.012

2.4 0.976 0.024

3.6 0.964 0.036

 

 Characterization

Fourier-transformation  infrared  (FTIR)  spectroscopy
was used to examine the chemical composition of the
prepared  samples  (Bruker  business,  type  vertex-70
spectrometer,  Germany)  at  RT  in  the  range  of  500–
4  000  cm−1.  Field  emission  scanning  electron
microscopy  (FE-SEM;  INSPECT  S50,  firm,  Japan
origin,  type  FEI  Customer  ownership)  was  used  to
determine  the  surface  morphology  of  the  films.  A
Shimadzu  UV-1650  PC  spectrophotometer  (Phillips,
Japan)  was  used  to  examine  the  development  of
nanocomposite at wavelengths ranging from 200 to 1
100  nm.  The  antibacterial  efficacy  of  the
nanocomposite  films  was  evaluated  against  two
clinical pathogens, E. coli and S. aureus.

 Result and Discussion

Figure  1  illustrates  rhe  optical  absorbance  of  pure
PMMA and  PMMA/In2O3  nanocomposites  as  a  film
were measured at 200–1 100 nm. All samples display
markedly  greater  absorption  in  the  ultraviolet  region
than  that  of  PMMA.  At  elevated  energy  levels  (eV)
(specifically,  at  200  nm),  the  donor  material
stimulated  the  movement  of  electrons  into  the
conduction band.  This  phenomenon took place  when
the electrons assimilated a photon of a certain energy,
causing  their  shift  from  a  lower  energy  state  to  a
higher  one.  Additionally,  the  absorbance  was
enhanced  by  increasing  the  contribution  ratio  from
0 wt.% to 3.6 wt.% In2O3 NPs. At high energies (eV),
the absorbance increased from 0.66 to 0.92 (39.39%)
at increasing concentrations of 0 wt.% to 3.6 wt.% for
In2O3 NPs, whereas at low energies (340–1 100 nm),
the absorbance decreased to 0.0.6 and 0.30 for 0 wt.%
and  3.6  wt.%  In2O3  NPs,  respectively.  This  may  be
attributed  to  the  insufficient  energy  of  incident
photons at longer wavelengths that prevent them from
interacting with atoms and thereby allows the photon
to  be  transmitted.  These  results  are  consistent  with
those in the literature [19, 20].
  

Pure PMMA
1.2 wt.% In2O3

2.4 wt.% In2O3

3.6 wt.% In2O3

Fig. 1 Absorbance  of  pure  PMMA  and  PMMA/In2O3
nanocomposite with wavelength.
 

The  transmittance  (T)  is  given  by  the  following
equation [21]:

T = e−αt (1)

where  α  is  the  absorption  coefficient  and  t  is  the
thickness  of  film.  The  transmittance  spectra  of
PMMA/In2O3 nanocomposites at various wavelengths
are shown  in  Fig.  2  and  demonstrate a  notable
increase in transmittance as the wavelength increases,
namely in the vicinity of 340 nm. After this point, the
transmission  experiences  a  relatively  stable  and
consistent increase. Data unequivocally indicates that
the  inclusion  of  In2O3  reduced  the  transmittance  of
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light.  Increasing  the  proportion  of  In2O3  in  the
PMMA  matrix  improved  the  observed  behavior,
explaining  the  rise  in  light  absorption  and  decline  in
transmittance  caused  by  the  enhancement  with
nanomaterials, which agrees with the previous studies
[22].

The  absorption  coefficient  of  the  polymer  PMMA
and  nanocomposite  films  is  used  as  a  diagnostic
instrument to measure the reduction in light intensity
within the film. Alternatively, α is a sensitive physical
approach  that  provides  valuable  information  on  the
type  of  charges  present  in  a  band  and  the  amount  of
the band gap energy. This information depends on the
energy  of  the  input  light.  The  absorption  coefficient
was calculated using an empirical correlation [22]:

α = 2.303
A
t

(2)

where A  is  the absorbance.  The relationship between
the  absorption  coefficient of  PMMA/In2O3

nanocomposite  films  and  photon  energy  is  shown  in
Fig.  3.  The  absorption  coefficient  exhibited  a  steady
rise  in  value  with  increasing  photon  energy,
eventually  reaching  4.14  eV.  The  lower  transition  of
electrons  occurs  when  the  energy  of  the  incident
photon  is  insufficient  for  moving  the  electron  from
the  valence  band  to  the  conduction  band.  Upon
attaining  an  energy  level  of  4.14  eV,  the  absorption
coefficient  of  all  samples  demonstrates  a  notable
augmentation.  The  electron  undergoes  significant
transitions  inside  the  conductive  band, which  can  be
attributed  to  this  phenomenon.  The  absorption  value
was  <  104  cm–1,  indicating  the  indirect  transition
occurred.

The  index  of  refractive  (n)  was  calculated  as
follows [23]:

n =
1+
√

R

1−
√

R
(3)

where  R  is  the  reflectance.  The  refractive  index  of
PMMA/In2O3  nanocomposites  vs.  wavelength  is
shown in Fig. 4. Incorporating In2O3 into the polymer
matrix  increased  the  refractive  index  of  the  samples,
and  aberrant  dispersion  in  the  spectral  region
< 280 nm and normal dispersion in the spectral range
> 280 nm were possible. The resonance phenomenon
occurring  between  the  polarization  of  the  incoming
light and the electrons in PMMA/In2O3 is an atypical
behavior, and subsequently electrons are linked to the
oscillating  electromagnetic  field.  The  values  of  the
refractive index also increased as the amount of In2O3

NPs increased. This behavior agrees with that seen in
the previous studies [24].

The energy gap is given by [25]

(αhv)1/m =C(hv−Eg) (4)

where C  is constant, the photon energy is denoted as
hυ,  the  energy  gap  is  represented  as Eg,  and m  can
take  values  of  2  and  3  for  allowed  and  forbidden
indirect transitions, respectively.

 

Pure PMMA
1.2 wt.% In2O3

2.4 wt.% In2O3

3.6 wt.% In2O3

Fig. 2 Transmittance  of  pure  PMMA  and  PMMA/In2O3
nanocomposite.

 

(c
m

−1
)

Pure PMMA
1.2 wt.% In2O3

2.4 wt.% In2O3

3.6 wt.% In2O3

Eph (eV)

Fig. 3 Absorption  coefficient  of  pure  PMMA  and
PMMA/In2O3 nanocomposite with photon energy.

 

Pure PMMA
1.2 wt.% In2O3

2.4 wt.% In2O3

3.6 wt.% In2O3

Fig. 4 Refractive  index  of  pure  PMMA  and  PMMA/In2O3
nanocomposite.
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αhv
hv

The  determination  of  the  band  gap  energy  (Eg)
involves  plotting  a  graph  that  relates  the  product  of
the  absorption  coefficient  ( )  and  the  photon
energy  ( ).  The  value  of m  in  this  equation  can  be
either  (1/2)  or  (1/3)  depending  on  whether  the
electron  transition  is  allowed  or  forbidden,
respectively.  The  optical  band  gap  values  are
determined  by  extrapolating  the  linear  segments  of
these relationships to the hv axis and are documented
in Table  2.  Figs.  5  and  6  illustrate  the  indirect  band
gap  of  both  the  pure  PMMA  and  PMMA/In2O3

nanocomposite. These figures demonstrate that the Eg

values decreased with the rise in the concentration of
In2O3  NPs.  The  allowed  indirect  energy  gap
decreased  from  4.7  to  3.28  eV  while  the  forbidden
indirect  energy  gap  decreased  from  4.6  to  3.18  eV.
The  possibility  of  localized  states  of  different  color
centers  extending  into  the  mobility  gap  explains  this
outcome.  This  result  agrees  with  those  in  previous
studies [26,27].

The  extinction  coefficient  (k)  is  given  by  the
equation [28]:

k = αλ/4π (5)

where λ is the wavelength. Fig. 7 shows the extinction
coefficient  as  a  function  of  the  wavelength  for  all

prepared  films.  The  extinction  coefficient  for
PMMA/In2O3  nanocomposites  has  a  prominent  peak
at  lower  energies,  specifically  at  240  nm  and  then
decreases  at  320  nm.  Above  320  nm,  the  extinction
coefficient  increased linearly  with  increasing content
of  In2O3  NPs.  The  concurrent  rise  in  photon  energy
may  explain  this  behavior.  The  correlation  between
the  concentration  ratio  of  In2O3  NPs  and  the
extinction  coefficient  of  nanocomposites  is  readily
apparent.  An  increase  in  the  absorption  of  incoming
light explains this phenomenon [29].

The  dielectric  constant  is  composed  of  two  parts:
the real part (ε1) and the imaginary part (ε2) [30]:

ε1 = n2− k2 (6)

ε2 = 2nk (7)

Figs.  8  and  9  depict  the  fluctuations  found  in  the
real  (ε1)  and  imaginary  components  (ε2)  of  the
dielectric  constant  for  the  PMMA/In2O3

nanocomposites. The data indicates that the dielectric
constant  of  pure  PMMA polymer  has  greater  values
for both the real and imaginary components at shorter
wavelengths  that  diminish  as  the  wavelength

 

Eopt
gTable 2 Values  for  the  allowed  and  forbidden  energy  gap

at  the  optimum  value  of  pure  PMMA  and  PMMA/In2O3
nanocomposites

In2O3 (wt.%) Allowed Eg (eV) Forbidden Eg (eV)

0 4.7 4.6

1.2 3.88 3.61

2.4 3.63 3.4

3.6 3.28 3.18

 

Pure PMMA
1.2 wt.% In2O3

2.4 wt.% In2O3

3.6 wt.% In2O3

Eph (eV)

Fig. 5 Relationship  between  (αhv)  ½  vs.  (hv)  for  pure  PMMA
and PMMA/In2O3 nanocomposites.
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PMMA and PMMA/In2O3 nanocomposites.

 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

200 300 400 500 600 700 800 900 1 000 1 100

Ex
�n

ec
�o

n 
co

effi
ci

en
t

Wavelength (nm)

Pure PMMA
1.2 wt.% In2O3

2.4 wt.% In2O3

3.6 wt.% In2O3

Fig. 7 Extinction coefficient of PMMA/In2O3 nanocomposites.

Nano Biomed. Eng., 2024 5

https://www.sciopen.com/journal/2150-5578



increased.  The  nanocomposite  films  displayed  a
prominent  increase  in  both  the  real  and  imaginary
values as the wavelength decreased. This is followed
by a substantial decrease in higher energy levels. The
magnitudes  of  n  predominantly  influence  the
effective  dielectric  constant,  considering  that  the
latter  values  (k)  are  considerably  less  than  the
refractive index, particularly when squared [31].

The optical conductivity (σop) is defined by [32]
σop = αnc/4π (8)

where  c  is  the  speed  of  light.  Fig.  10  depicts  the
optical  conductivity  of  the  PMMA/In2O3

nanocomposites.  The  pure  PMMA  polymer
demonstrates  a  notable  enhancement  in  optical
conductivity  at  shorter  wavelengths,  followed  by  a
reduction  at  longer  wavelengths,  which  is  explained
by  the  concurrent  increase  in  the  absorption
coefficient.  The  observed  optical  conductivity  is
directly  proportional  to  the  concentration  of  In2O3

NPs.  The  observed  phenomena  can  be  attributed  to
the rise in the absorption coefficient [33, 34].

The  composition  of  the  newly  prepared  pure

PMMA  and  PMMA/In2O3  nanocomposite  was
verified via FTIR spectroscopy. The FTIR spectra of
pure  PMMA  and  PMMA  with  various  content  of
In2O3  NPs  from  500–4  000  cm−1  are  shown  in
Figs.  11(a)–11(d).  The  absorption  band  of  pure
PMMA in Fig. 11(a) at 3 032 cm−1 corresponds to the
CH3  asymmetric  stretching  vibrations.  The  band  at
1  685.48  cm−1  was  attributed  to  the  C=C  stretching
vibration  while  the  bands  1  214.48  and  1  148  cm−1

corresponded  to  the  C–C–O and  C–O–C asymmetric
stretches,  respectively.  The  bands  at  744.03  and
687.52 cm−1 were assigned to the C=C stretch and the
deformation vibrations (CCO) in the plane (bending)
[35–37].  The  increasing  concentration  of  1.2  wt.%,
2.4 wt.%, and 3.6 wt.% In2O3 NPs to PMMA polymer
(Figs.  11(b)–11(d))  caused  a  change  in  intensities  in
several  bands  and  shifts  in  other  bands  and  thus
caused  a  physical  interaction  with  the  polymer
matrix.  The  FTIR  spectra  demonstrated  that  no
chemical  interactions  occurred  between  the  PMMA
polymer  matrix  and  In2O3  NPs.  This  result  is
consistent with that in a previous study [38].

FE-SEM  was  used  to  examine  the  distribution  of
NPs within the polymer and then verify the effect  of
these  In2O3  NPs  on  the  nanocomposites.  Fig.  12
shows  FE-SEM  images  of  films  made  from
PMMA/In2O3  nanocomposites  with  varying  amounts
of  In2O3  NPs.  Fig.  12(a)  shows  that  the  surface
polymer  was  smooth  and  homogenous,  indicating
that  the  fabrication  was  successful  while  in
Figs.  12(b)–12(d),  the  In2O3  NPs  are  shown
distributed  throughout  the  polymer  matrix,  and  this
distribution  increases  with  the  increasing
concentration of  In2O3 NPs.  The results  establish the
surface  morphology  of  the  membranes
(PMMA/In2O3). The increased concentration of In2O3

NPs  caused  a  rise  in  the  number  of  groups  or
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fragments  that  spread  out  on  the  top  surface  of  the
nanocomposites [39].

We then evaluated the antimicrobial activity of the
PMMA/In2O3  nanocomposites  against  Gram-positive
S.  aureus  and  Gram-negative E.  coli  (Fig.  13).  The
nanocomposite  films  produced  a  larger  zone  of

inhibited growth of S. aureus than that of E. coli. The
inhibition zone increased in size with the increase in
concentration of  In2O3 NPs,  reaching the largest  size
of  1.46  mm  for  inhibition  of  S.  aureus  growth  with
3.6  wt.%  In2O3  NPs  (Table  3).  The  anti-microbial
properties  of  nanostructures  are  attributed  to  the
existence of reactive oxygen species (ROS) generated
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by  the  NPs.  Nanocomposite  NPs  are  positively
charged  while  bacteria  have  negative  charges.
Consequently,  the  bacteria  will  experience  oxidation
and  death  due  to  the  electromagnetic  contact.  ROS,
including radicals such as superoxide (O–2), hydroxyl
(OH),  and  hydrogen  peroxide  (H2O2)  [40],  mainly
cause  the  antibacterial  activities  of  nanocomposites
containing  NP,  and  singlet  oxygen  (1O2)  most
probably causes  the  degradation of  bacterial  proteins
and DNA.
  
Table 3 Diameter  of  inhibition  zone  of  PMMA/In2O3
nanocomposite films on growth of S. aureus and E. coli

Sample
Diameter of inhibition zone (mm)

E. coli S. aureus

PMMA 0 0

PMMA/1.2 wt.% In2O3 0.85 0.97

PMMA/2.4 wt.% In2O3 1.15 1.29

PMMA/3.6 wt.% In2O3 1.31 1.46

 Conclusion

This  study  successful  used  a  casting  method  to
prepare PMMA/In2O3 nanocomposites. FTIR analysis
proved  that  the  In2O3  NPs  and  the  PMMA  polymer
matrix  did  not  chemically  interact.  FE-SEM
demonstrated that the In2O3 NPs were homogenously
distributed  throughout  the  polymer  PMMA  matrix.
The  optical  characteristics  were  explained  by  the
increase  in  the  ratio  of  In2O3  NPs  in  the  PMMA,
producing  an  increase  in  the  absorbance,  absorption
coefficient,  refractive  index,  extinction  coefficient,
and  real  energy  band  gap, whereas  a  decrease  in  the
transmittance  and  indirect  energy  gap  occurred.
Finally,  the  PMMA/In2O3  films  demonstrated
antibacterial activity against Gram-positive S. aureus

and  Gram-negative  E.  coli  that  exhibited  a  positive
correlation  with  the  concentration  of  In2O3 NPs  (3.6
wt.%), with  a  maximum inhibition  zone  size  of  1.46
mm for S. aureus.
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