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Abstract: Here, we aimed to boost antibacterial performance of cellulose fibers for paper sheet
application. Therefore, TiO2 nanoparticles have been used with controlled loading onto the surface
of the fibers. A simple and facile composite preparation route based on ultrasound and mechanical
assisted stirring has been developed. We tested cellulose paper enriched by TiO2 from 1.0 wt% to
8.0 wt%, respectively. Antibacterial performance has been studied against Staphylococcus aureus and
Escherichia coli bacteria. Studies showed that all composites exhibit significant capability to reduce
living cells of S. aureus and E. coli bacteria at least 60%. The simplicity, low cost, and reproducibility
of the prepared method indicates the potential to be scaled up for industrial applications.

Keywords: cellulose; titanium oxide; antibacterial; paper composites

1. Introduction

The development of sustainable or renewable polymer materials is currently a very
active research area that receives increasing attention. This is mainly due to the growing
demand for materials that are more environmentally friendly than plastics, the production
of which is based on petroleum [1]. The main candidate for replacing such materials
are natural polymers. The raw materials for them are almost unlimited and do not pose
a major threat to the environment due to their simple recycling and biodegradation [2].
The most promising replacement for synthetic polymers is cellulose. This most abundant
polymer is widespread, easily degraded, and environmentally friendly, and is therefore a
major research target. As the main plant ingredient, cellulose is a sustainable and almost
inexhaustible polymer raw material that can meet the growing demand for environmentally
friendly products.

Depending on how the cellulose is processed, it can be used in many different fields,
such as packaging, clothing, dietary fiber, and many other industrial applications. Un-
fortunately, unlike other biopolymers (such as, e.g., chitosan [3]), cellulose is not biocidal
in nature [4]. Although cellulose itself does not have any antibacterial activity, and even
favors the growth of microorganisms on its surface, it is widely studied [5]. Therefore, an
important aspect towards the widespread use of this material in various industries is its
modification in order to improve its antibacterial properties. It is now very desirable due
to the growing public concern about infections, health, and hygiene [6].

Many solutions to this problem have been tried, but still no material has been devel-
oped that would provide all the benefits of plastic while at the same time being free from
its numerous disadvantages, such as non-biodegradability, creation with the production of
toxic gases or harmful pollutions, non-renewable substrate resources, etc. For this purpose,
much attention is paid to the modification of cellulose with inorganic compounds, such
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as zinc oxide, titanium dioxide or copper oxide, and so on [7,8]. The combination of
cellulose/metal oxides has been found to form chemically stable composites that exhibit
antibacterial properties [5]. Other methods for obtaining antibacterial composites are the
addition of nanometric silver, surface modifications, or mixtures with commonly used
bactericides [5].

Antimicrobial modification of cellulose fibers can be achieved by three methods:
physical mixing, chemical reaction, or final treatment by coating [6]. The ideal agent
used to modify cellulose fibers for this purpose should meet a number of requirements.
First, the antimicrobial additive should be effective against a broad spectrum of bacteria
and fungi. It should also be cheap and low toxicity to users—it should be safe for the
skin, non-sensitizing, and non-irritating [6]. Titanium oxide meets all requirements. It is
an inorganic compound that is often used in the food industry and has been approved
by the US Food and Drug Administration (FDA). It is considered as completely safe,
which makes it possible to be used also in food packaging. However, recent research
suggests that long-term ingestion may cause serious damage to human health [9,10]. It
is a photocatalyst that acts as an oxygen and water absorber and a preservative [11].
Furthermore, the incorporation of this compound in biopolymer packaging may have a
number of other potential advantages, such as improved tensile strength, improved heat
resistance, reduced permeability, and increased antimicrobial activity [12]. It also has a low
cost, biocompatibility, photochemical stability, efficient performance, and environmental
friendliness, which further makes it sensible to use this compound to modify cellulose
to improve its antimicrobial properties [13]. Although TiO2 can inactivate viruses and
bacteria and break down particle organics that smell in the air, most of these applications
suffer from unsatisfactory quantum yield [14].

The investigation of antibacterial properties of TiO2/cellulose have been studied.
For example, Li et al. [15] have prepared the cellulose filter paper modified with TiO2 by
immersing in TiO2 sol and further operations. They have tested the antibacterial activity of
such materials and found out that TiO2/cellulose composite films have little antibacterial
effects under either of the dark or UV conditions. The reduction of colony-forming unit
(CFU) in dark conditions is 5%, while in UV is 0 against Escherichia coli. Another team,
Chauhan et al. [16], have prepared cellulose fibers decorated with TiO2 nanoparticles using
a single-step hydrothermal method. The resulting composites with 3.5% content of TiO2
were tested against E. coli. After 3 h, the reduction of CFU was 12.5% compared to pristine
cellulose. However, after 6 h, the reduction of CFU of modified cellulose had reached
57%. However, there is no report on a simple interaction of cellulose fibers with titania
nanoparticles in a wide range of loading in terms of antibacterial or mechanical perfor-
mance of the prepared paper sheets. The antibacterial activity of TiO2 nanoparticles can be
explained by several factors. One of the common mechanisms assumes the formation of
Reactive Oxygen Species (ROS). Chemical molecules, such as hydrogen peroxide (H2O2),
superoxide anion (O2·-), or hydroxide radical (OH·) are the most common members of
ROS family. These molecules are generated by several stepwise chemical reactions. In
this case, the electron-hole pair is generated from the cellulose/TiO2 nanocomposite by
excitation of electrons from the appropriate band levels through absorption of light and
these electron-holes produce ROS. The amount of generated ROS depends on threat of
migration, generation rate, and energy level of the excited electron-hole pairs. According to
the above, hydrogen peroxide molecules are generated, which can damage DNA, proteins,
amino acids, and carbohydrates in bacteria cells [17]. By introducing remarkable photocat-
alytic properties of titanium dioxide, different mechanisms can be involved. In this case,
cellulose/TiO2 nanocomposites accept light irradiation as the source of photon energy.
If the energy absorbed from photons is higher than the bandgap energy, the electrons
(e−) from the valence band are stimulated and excited to the conduction band. This step
results in generation of a positive hole (h+) in the valence band and produces good electron
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holes on the catalytic material surface. Different ROS via the following reactions could be
produced [18,19]:

(1) cellulose/ TiO2 + hυ→ e− + h+

(2) H2O + h+→ OH· + H+

(3) O2 + e− → O2

(4) O2
− + H+ → OH2

(5) e− + OH2· + H+ → ROS

Another mechanism includes the relationship between the antibacterial properties and
the morphology of the active material. In this case, the antibacterial activity highly depends
on the size and shape of nanoparticles [20]. The smaller size of nanoparticles favors the
ease of passage through the bacteria cell walls and disturbs the metabolic pathway of
bacteria by influencing the shape and function of the cell membranes. This can cause the
dysfunction of mitochondrial, DNA damage, or overall, the death of bacteria.

The last mechanism is based on the negatively charged cell walls. This fact results
in easy attachment of released Ti4+ ions from cellulose/TiO2 nanocomposites due the
interaction with the cell membrane. Metal ions show, then, interaction with the functional
groups of nucleic acids and proteins, such as: -NH (amino), -COOH (carboxyl), and -SH
(mercapto) groups, affecting their normal physiological processes of bacteria, damaging
cell structure, and deactivating the overall enzyme activity [21,22]. In our work, we present
a simple and facile route to prepare a cellulose-based composite with TiO2 nanoparticles.
The composites with nanoparticles loading from 1 to 8 wt% have been prepared and
characterized in details by means of various microscopic, spectroscopic, thermal tools. In
addition, antibacterial tests have been described. The results shown satisfactory results at
the level of at least 60% of reduction of living bacteria. To the best of our knowledge, there
is a lack of similar systematic study into the effects of TiO2 on the antibacterial properties
of paper composites. Here, we describe a simple method of preparation paper sheets on a
machine imitating conditions similar to large-scale production. Therefore, the results of
this study could be easily scaled-up.

2. Results and Discussion

Morphology of TiO2 was first observed by transmission electron microscope (Figure 1a,b).
It shows the round-structured nanostructured TiO2. Cleary, the nanoparticles have a visible
tendency to agglomerate. According to TEM images, particle size distribution has been an-
alyzed. Figure 1c presents averaged nanoparticle size corresponding to 100 measurements
of single particles’ diameters. It is clearly shown that TiO2 has nanometric structure with
most particles with a diameter in the range of 1.9–3.9 nanometers.
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All prepared cellulose paper sheets (showed at Figure 2a) with a diameter of 20 cm
possess a paper weight about 80 g/m2. SEM images are presented at Figure 2b,c. The
image of reference sample (Figure 2b), which is a cellulose sheet without any additives,
exhibits pristine cellulose fibers, without any particles on the surface. The paper sheet
with 8 wt% of additive is illustrated in Figure 2c. It is clearly seen that small particles are
deposited on the surface. This is assigned to deposition of titanium oxide agglomerates on
fibers surface.
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Additionally, EDS analysis (as SEM mode) was performed for paper sheet modified
with 8 wt% of TiO2 (Figure 3). According to the results, it can be concluded that TiO2 was
uniformly distributed over the cellulose fibers. The composite sample with 8 wt% TiO2 is
presented as representative here due to the most noticeable changes taking place on the
cellulose fiber. A small amount of silicon impurity is present in the sample. Due to the fact
that the cellulose used is not chemically pure and may have contaminations resulting from
the sample production line, this element is omitted in further work.
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Raman spectra of all samples, which are referring to the cellulose sheet and cellulose
sheet decorated with 1 wt%, 3 wt%, 4 wt%, and 8 wt% TiO2, are presented in Figure 4.
The peaks obtained for all samples are typical for cellulose-I structure [23]. All plots
exhibit peaks located near 1095 cm−1, which is characteristic for cellulose materials and
corresponds to C-O ring stretch modes within cellulose backbone [24,25]. A number
of peaks located in the region ranging from 1200 to 1450 cm−1 are attributed to modes
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involving considerable coupling of methine bending, methylene rocking and wagging, and
C-O-H in-plane bending vibrations [23]. The main difference between all four patterns
is the appearance of a peak located at 145 cm−1, which can be assigned to incorporation
of titanium dioxide to structure and is in accordance to literature [26,27]. Lack of other
peaks typical for TiO2 in the region near 390–650 cm−1 can be explained by overlapping
of cellulose peaks for which skeletal bending modes of C-C-C, C-O-C, O-C-C, O-C-O
dominate in the region of 150–550 cm−1 [28].
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Figure 5 reveals XRD spectra of pure TiO2, cellulose paper as a reference, and its
composites. All samples were ball-milled before analysis to increase the visibility of
some peaks. As it can be easily seen, the difference in the crystallinity of the samples is
noticeable due the difference in the sharpness and width of peaks in pristine TiO2 compared
to other samples, indicating more amorphous structure of cellulose and its composites.
Additionally, all four patterns for cellulosic materials are similar. The main difference is the
appearance of two small peaks located at 26.55 and 29.40 degrees for composite samples.
This can be assigned to the presence of TiO2 in the structure. These peaks correspond to
two characteristic peaks for anatase and rutile phases of TiO2, which occur at 25.26 and
27.37 degrees. The shift of 2θ value towards higher values can be explained by the change
in the lattice parameters of TiO2, which occurs as a result of composite preparation [29].
According to Braggs’ law, the higher 2θ angles, the lower the d-spacing value. XRD spectra
of pure TiO2 indicates the presence of two crystal structures of titanium oxide: anatase and
rutile. The presence of anatase form is confirmed by the presence of peaks 2θ = 25.26◦ (101)
and 2θ = 48.02◦ (101). Peaks at 2θ = 27.36◦ (110) and 2θ = 53.91◦ (110) indicate the rutile
form [30]. The percentage of the phases was calculated in accordance to Spurr and Meyers
equations [30–32]:

XA(%) = 100/(1 + 1.265 IR/IA) (1)

XR(%) = 100/(1 + 0.8 IA/IR) (2)

where XA and XR are the percentage weight of anatase and rutile, respectively, IA is the
intensity of anatase phase at 2θ = 25.26◦, and IR is the intensity of rutile phase at 2θ = 27.36◦.
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According to above Equations (1) and (2), the rutile percentage mass is equal to 76.28%
and 23.50%, respectively.

Thermogravimetric analysis was involved to determine the thermal stability of all
samples. Each sample shows similar thermal decomposition (Figure 6). The weight loss
in the temperature range to 100 ◦C is due the water evaporation. Clear degradation of
cellulose materials starts at around 300 ◦C. The TGA curves indicate that near 98% of
pristine cellulose is thermally degraded. For composites containing 1 wt%, 3 wt%, 4 wt%,
and 8 wt% of TiO2, these values are equal to 97.5%, 97.1%, 97%, and 90%, respectively.
The increase of residue after the measurement is in correlation with the mass of TiO2
incorporated to the cellulose mass.
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Additionally, the actual content of additives has been determined in accordance to
the International Organization of Standard ISO 1762:2001 for determination of residue
(ash) on ignition at 525 ◦C. Basically, properly prepared samples were heated with specific
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heating speed to 525 ◦C and held at this temperature for 3 h. The mass of obtaining ash
was assigned to content of TiO2, since all cellulose fibers should have been burned under
these conditions. Calculated percentages of TiO2 for all samples have been collected in
the Table 1. For comparative reasons, the mass values at 525 ◦C determined by TGA were
also presented. There is a noticeable difference of residual value for each sample; however,
the trend is maintained. This is due to more precise measurement conditions according
to ISO 1762:2001 and the amount of sample required for analysis. A significant change
of additives added to the cellulose pulp and ash, which is TiO2 remaining in the sample,
can be observed. This phenomenon is caused by small particles of TiO2 passing through
the mesh of the Rapid apparatus sieve, which leads to incomplete retention of TiO2 on the
cellulose fibers. A small amount of reference ash can be attributed to the contamination
from the production line.

Table 1. Data obtained from TGA analysis and International Organization of Standard (ISO) ash
content for all samples.

Sample Ash According to ISO 1762:2001 Mass at 525 ◦C According to TGA

Reference 0.13 2.39
Paper TiO2 1% 1.70 2.57
Paper TiO2 3% 3.62 2.88
Paper TiO2 4% 3.75 3.02
Paper TiO2 8% 8.40 10.50

FTIR was involved in order to determine chemical composition of samples (Figure 7).
Additionally, FTIR spectrum was obtained for TiO2 for comparative purposes. Firstly, a
small amount of ball-milled cellulose paper sheets (~2 mg) was precisely mixed with KBr
(~200 mg) by grinding. Then, KBr-based 13 mm pellets were formatted by hydraulic press.
The background KBr was subtracted from the spectrum of each sample. It can be seen that
for each spectrum, a broad peak near 3450 cm−1 is observed and can be attributed to O-H
stretching [33]. A signal occurred at 2915 cm−1 for reference and composite samples were
assigned to -C-H stretching [34]. The lack of that peak for pure TiO2 sample is reasonable
because of the absence of carbon in the structure. The main difference between all patterns
is visible at the region of 1300–450 cm−1. The wide and very intense peak can be observed
for pure TiO2 sample in the range of 400–800 cm−1 [35]. Additionally, with increasing TiO2
content in composite samples, the signal intensity in this region increases, which proves
that TiO2 content is higher. Around 667 cm−1 small signal can be observed for the reference
spectrum. This signal can be attributed to the out-of-plane C-OH bending in reference and
composite samples [36]. The peak located at 898 cm−1 is characteristic for β-glycosidic
linkage between the glucose unit and can be observed for each sample, except for TiO2 [37].
The peak located at 1376 cm−1 for reference and the composite sample can be attributed to
the C-H group in the glucose unit and is characteristic for cellulose materials [37]. For each
sample, two peaks located at 3367 cm−1 and 1634 cm−1 are observed and can be attributed
to the stretching and bending vibrations of hydroxyl group, respectively. These signals are
associated to the physiosorbed water molecules to the surface of samples [38]. There is one
broad peak located at 590 cm−1 which can be attributed to Ti-O-O vibration modes [39].
This proves that TiO2 has stopped on cellulose fiber and is present in the samples. In
this region, there are two peaks at 1163 cm−1 and 990 cm−1, which can be attributed to
the cellulose signals due the C-O stretching vibration at 1163 cm−1 and C=C bending
at 990 cm−1 [40]. Additionally, there are two small peaks located at 1128 and 1045 cm−1

for all four composite samples and for pure TiO2. These signals can be attributed to the
vibration mode of Ti-OH and Ti-O-C band, respectively [41–43]. Given all above, the main
difference between reference and composites samples is the occurrence of an intense signal
in 400–800 cm−1, which is characteristic for TiO2.



Int. J. Mol. Sci. 2021, 22, 1451 8 of 12

Int. J. Mol. Sci. 2021, 22, x 8 of 13 
 

 

cm−1 for all four composite samples and for pure TiO2. These signals can be attributed to 
the vibration mode of Ti-OH and Ti-O-C band, respectively [41–43]. Given all above, the 
main difference between reference and composites samples is the occurrence of an intense 
signal in 400–800 cm−1, which is characteristic for TiO2. 

 
Figure 7. The Fourier transform infrared (FTIR) spectroscopy spectra of the TiO2, cellulose, and its 
composites. 

The antibacterial properties of prepared samples were determined by absorption 
method according to the ISO 20743. For this analysis, the reference and four composite 
samples were tested against two representative microorganisms: Escherichia coli and Staph-
ylococcus aureus. Both strains are common pathogens causing toxic shoch syndrome, skin 
infection, and endocarditis infection for humans and animals. They can also be found in 
water, soil, and environmental pollutions [44,45]. The results of antibacterial activity of 
prepared composts can be found in Figure 8. A detailed description is presented in the 
experimental section. The viable bacterial counts recovered from the fabrics after 24 h of 
contact time are shown in Table 2. The reference samples did not cause any bacterial kill-
ing during the 24 h contact time; therefore, it is not shown in the Figure 8. 

As can be seen from Figure 8, each of the samples exhibit significant antibacterial 
properties. Percent of reduction for Sample Paper 3 wt% TiO2, Sample Paper 4 wt% TiO2, 
and Paper 8 wt% TiO2 for E. coli after 24 h of incubation is equal to 70%, 100%, and 100%, 
respectively. A surprisingly strong difference of percent of reduction value between sam-
ples containing 3 wt% and 4 wt% TiO2 can be observed, despite a slight change of TiO2 
content in the samples. For S. aureus bacteria, the percent of reduction for Samples 1, 2, 
and 3 is 60%, 68%, and 100%, respectively. Overall, bacteriostatic effect for cellulose fibers 
modified with titanium dioxide was observed. 

It is clearly seen that cellulose/TiO2 composites show much better antibacterial prop-
erties against E. coli than against S. aureus. This is due to the differences in the structure of 
the cell walls of these bacteria. Gram-positive bacteria (e.g., Streptococcus pneumoniae,  
Streptococcus aureus) contain a thick peptidoglycan layer in the cell wall, whereas Gram-
negative bacteria (e.g.,  Escherichia coli) possess a thin layer of peptidoglycan. Addition-
ally, for Gram-negative bacteria, an outer membrane consisting of a lipopolysaccharide is 
present [46]. The construction of the cell wall of Gram-positive bacteria can increase the 
cell resistance against Ti ions, while the structure of Gram-negative bacteria favors an af-
finity in the adherence of the Ti ion to the cell membrane [5]. The above features result in 
better cellulose/TiO2 composites’ action against E. coli. 

Figure 7. The Fourier transform infrared (FTIR) spectroscopy spectra of the TiO2, cellulose, and
its composites.

The antibacterial properties of prepared samples were determined by absorption
method according to the ISO 20743. For this analysis, the reference and four composite
samples were tested against two representative microorganisms: Escherichia coli and Staphy-
lococcus aureus. Both strains are common pathogens causing toxic shoch syndrome, skin
infection, and endocarditis infection for humans and animals. They can also be found in
water, soil, and environmental pollutions [44,45]. The results of antibacterial activity of
prepared composts can be found in Figure 8. A detailed description is presented in the
experimental section. The viable bacterial counts recovered from the fabrics after 24 h of
contact time are shown in Table 2. The reference samples did not cause any bacterial killing
during the 24 h contact time; therefore, it is not shown in the Figure 8.
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Table 2. Viable bacterial counts (colony-forming unit (CFU)/mL) after 24 h contact time showing log reduction in treated
sample compared to untreated sample.

Bacterial Counts (CFU/mL) % Reduction

After 24 h
contact time

Sample S. aureus E. coli S. aureus E. coli

Reference 1.7 × 107 ± 2.9 × 106 1.1 × 107 ± 1.0 × 106 - -
Paper TiO2 1% 1.4 × 107 ± 2.6 × 106 1.1 × 107 ± 3.6 × 106 1.75 ± 1.25 0.08 ± 0.64
Paper TiO2 3% 8 ± 102 ± 51.54 1.4 × 102 ±76.2 59.75 ± 0.38 69.94 ± 1.04
Paper TiO2 4% 2 × 102 ± 24.96 0 ± 0 68.07 ± 0.79 100 ± 0
Paper TiO2 8% 0 ± 0 0 ± 0 100 ± 0 100 ± 0

As can be seen from Figure 8, each of the samples exhibit significant antibacterial
properties. Percent of reduction for Sample Paper 3 wt% TiO2, Sample Paper 4 wt% TiO2,
and Paper 8 wt% TiO2 for E. coli after 24 h of incubation is equal to 70%, 100%, and
100%, respectively. A surprisingly strong difference of percent of reduction value between
samples containing 3 wt% and 4 wt% TiO2 can be observed, despite a slight change of TiO2
content in the samples. For S. aureus bacteria, the percent of reduction for Samples 1, 2,
and 3 is 60%, 68%, and 100%, respectively. Overall, bacteriostatic effect for cellulose fibers
modified with titanium dioxide was observed.

It is clearly seen that cellulose/TiO2 composites show much better antibacterial prop-
erties against E. coli than against S. aureus. This is due to the differences in the structure
of the cell walls of these bacteria. Gram-positive bacteria (e.g., Streptococcus pneumoniae,
Streptococcus aureus) contain a thick peptidoglycan layer in the cell wall, whereas Gram-
negative bacteria (e.g., Escherichia coli) possess a thin layer of peptidoglycan. Additionally,
for Gram-negative bacteria, an outer membrane consisting of a lipopolysaccharide is
present [46]. The construction of the cell wall of Gram-positive bacteria can increase the cell
resistance against Ti ions, while the structure of Gram-negative bacteria favors an affinity
in the adherence of the Ti ion to the cell membrane [5]. The above features result in better
cellulose/TiO2 composites’ action against E. coli.

3. Materials and Methods
3.1. Materials

Titanium dioxide (TiO2) was supplied from Grupa Azoty Police (Police, Poland).
Cellulose pulp (density ~40 g/dm3) consisting of short eucalyptus-derived fibers and long
wood-derived fibers was received from Arctic Paper S.A. (Kostrzyn and Odrą, Poland).

3.2. Preparation of the Cellulose Paper Sheet with TiO2

The sheets were prepared with a mixture of two kind of fibers: (i) eucalyptus-derived
pulp and (ii) wood-derived cellulose pulp. The grammage of obtained paper sheets was
80 g/m2. Firstly, the homogeneous solutions of TiO2 were prepared. For this purpose,
a suitable amount of TiO2 corresponding to 1, 3, 4, and 8 wt% were sonicated in water
for 30 min. Next, 45 g of eucalyptus-derived pulp and 55 g of wood-derived cellulose
pulp were mixed together by mechanical stirrer. Then, the suspensions were added to
cellulose pulp and mechanically mixed for 10 min. Appropriate paper sheets were as-
formed by Rapid-Köthen Automatic Sheet Forming Machine in accordance to PN-ISO
5262-2. The control paper, without TiO2, was prepared with the same procedure, excluding
incorporation of TiO2 suspension.

3.3. Characterization

Transmission electron microscopy (Tecnai F20-based at 200 kV accelerating voltage,
Thermo Fisher Scientific, Waltham, MA, USA) was used to characterize the structure of
used filler and to calculate particles’ size distribution based on diameter measurements of
100 nanoparticles. The morphology of prepared paper sheets was observed by scanning
electron microscope (SEM) (TESCAN, VEGA 3, acquired in the 30 kV acceleration voltage,
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TESCAN, Brno, Czech Republic) preceded by deposition of 15 nm-thin layer of chromium to
avoid the illumination and destruction of samples. The phase composition was determined
by X-ray diffraction (XRD) patterns by using a Empyrean (Malvern Panalytical, Malvern,
UK) diffractometer using Cu Kα radiation. Thermogravimetric analysis was carried out
using TA-Q600 SDT TA Instrument (TA Instrument, New Castle, DE, USA) under the air
atmosphere at ramping rate of 10 ◦C/min from room temperature to 900 ◦C. Raman spectra
were determined on inVia Raman Microscope (RENISHAW, New Mills Wotton-under-Edge,
UK) with an excitation wavelength of 785 nm. Fourier transform infrared spectroscopy
(FTIR) was used to determine the chemical bonding in the samples. All the absorption
spectra were recorded on Nicolet 6700 FT-IR Spectrometer (Thermo Scientific, USA).

3.4. Antimicrobial Properties Characterization
3.4.1. Microorganisms and Cultivation Conditions

The antimicrobial properties of functionalized paper and the control sample were de-
termined using Gram-negative bacteria Escherichia coli ATCC 8739 (American Type Culture
Collection) and Gram-positive bacteria Staphylococcus aureus subsp. aureus ATCC 6538.

Prior to the experiment, the S. aureus and E. coli were plated onto the BHIA (Brain
Heart Infusion agar, BioMaxima, Poland) and cultivated overnight at 37 ◦C. After the
incubation, one colony of each microorganism was transferred to 10 mL of BHI and
incubated overnight in the same culture conditions while shaking.

3.4.2. Determination of Antibacterial Activity

Antimicrobial activity was evaluated according to ISO 20743:2013 Textiles—determ-
ination of antibacterial activity of textile products with slight modifications. Before the
measurements, all samples were irradiated with UV light for 15 min. Briefly, the 0.4 g of
functionalized paper and control sample were transferred to Petri dish. Next, 200 µL of
bacterial suspension in concentration 3 × 105 CFU/mL in BHI medium was applied in
several points on each tested sample and incubated for 24 h at 37 ◦C. After incubation, the
samples were transferred into 50 mL plastic tubes (3.8 cm diameter) (Polypropylene Conical
Centrifuge Tube, Becton Dickinson and Company, USA) with 20 mL of phosphate-buffered
saline (PBS, Sigma Aldrich, Germany) and vortexed for 30 s in order to remove the bacterial
cells adsorbed on the surface of the samples. The number of bacterial cells was determined
by quantitative plating on BHI agar medium after 24 h of incubation at 37 ◦C.

4. Conclusions

A simple and scalable technique of obtaining cellulose paper functionalized with
titanium dioxide nanoparticles is presented. The morphology of prepared composites was
investigated by SEM and showed that TiO2 had deposited on the surface of cellulose fibers.
The actual value of fillers in a paper disk was determined with combustion method in
accordance to ISO 1762:2001. The results showed content of TiO2 in composites equal to
3.62%, 3.75%, and 8.40%. Composition of prepared samples was confirmed by various
methods, such as Raman Spectroscopy, XRD, or FTIR. All paper composites have been
tested towards antibacterial properties. Percent of reduction of E. coli and S. aureus bacteria
showed satisfactory results. Results showed up to 100% bacteria removal, which together
with properties such as scalable technique and easy availability of components, gives the
potential for industrial applications.
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