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Abstract

A simple, yet effective and rapid approach for the synthesis of titanium dioxide nanoparticles (TiO, NPs) using Streptomyces
sp. HC1 was developed. The in vitro activity of TiO, NPs was demonstrated against human pathogenic bacteria and fungi.
The synthesized nanoparticles were characterized using various methods and instruments, such as Zetasizer, X-ray diffrac-
tion, Fourier transmission infrared spectroscopy, atomic force microscopy, and scanning electron microscopy. TiO, NPs
were observed to be spherical in shape with size in the range of 30 to 70 nm. Antimicrobial activities of TiO, NPs against
Staphylococcus aureus ATCC 29213, Escherichia coli ATCC 35218, Candida albicans, ATCC 10231, and Aspergillus niger
ATCC 6275 were evaluated. It was observed that TiO, NPs showed higher antimicrobial activity against bacteria (12 mm)
than against fungi. Moreover, TiO, NPs also showed potent antibiofilm activity against Pseudomonas aeruginosa ATCC
27853. Hence, the present study highlights the biological synthesis and characterization of TiO, NPs, and their applications

in the field of biomedical sciences.
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1 Introduction

Nano sciences and nanotechnology have opened several new
avenues for research and have led to the development of
novel, useful, and sometimes unexpected applications [1].
With the development of nanotechnology, there has been
an important growth in the application of nanoparticles for
drug delivery systems, antimicrobial materials, cosmetics,
sunscreens, electronics, and personal care products [2-5].
Generally, metallic NPs can be prepared and stabilized
using chemical, physical, and biological methods. Chemi-
cal approaches, such as chemical reduction, electrochemi-
cal techniques, photochemical reduction, and pyrolysis,
and physical methods, such as Arc discharge and physical
vapor condensation are commonly used. Microorganisms
have very big potential for the production of nanoparti-
cles/nanodevices of wide applications [6—8]. In modern
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nanoscience and nanotechnology, the interaction between
inorganic NPs and biological structures is one of the most
rousing areas of research [9]. Overall, biological materials
provide an environment friendly or greener chemical method
to produce invaluable materials because biomaterial based
synthesis eliminates the need for harsh or toxic chemicals
[10]. Among all NPs, TiO, NPs are one of the most widely
manufactured and used in the world [11]. They are used as
additives in sunscreen products, paints, printing ink, rubber,
paper, sugar, cement, toothpaste, film, biomedical ceramic,
implant biomaterials, antimicrobial plastic packaging, and
self-cleaning sanitary ceramics [12—14]. Methods for bio-
logical synthesis of TiO, NPs using bacteria, yeast, fungi,
and plant extracts have been recently reported [15-18].

2 Materials and Methods

In the present study, a Streptomyces sp. HC1 was used for
the production of TiO, NPs. Different parameters for the
synthesis of TiO, NPs including TiO(OH), concentration,
time, temperature, and pH were optimized. The antimicro-
bial activity of biologically synthesized TiO, NPs was evalu-
ated using the disc diffusion method and the effect of these
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nanoparticles on biofilm formation was evaluated using
96-well polystyrene flat-bottom plates.

2.1 Bacterial Strains and Media

Microorganisms were isolated from soil samples and 1 gr
of soil was suspended in 50 mL serum physiology. For the
isolation of bacteria, flasks containing soil suspensions were
incubated at 37 °C and 150 rpm overnight. Next, 0.1 mL
suspension was transferred to a sterile nutrient broth and the
flask was incubated at 37 °C and 150 rpm for 24 h. Next, a
loop full of the suspension was transferred onto sterile NA
medium and incubated after the incubation bacterial single
colonies were obtained.

2.2 Biosynthesis of TiO, NPs

In order to produce TiO, NPs, a loop full of each bacte-
rial single colony was cultured in 50 mL sterile nutrient
broth and the flask was incubated in a shaker condition at
37 °C and 150 rpm for 24 h. After the required turbidity
was achieved, the bacterial cultures were used for TiO, NP
production. For this, 20 mL TiO(OH), solution (0.025 M)
was added to bacterial cultures in flasks and the flasks were
incubated in a steam bath at 60 °C for 30 min. The negative
control flasks contained either sterile nutrient broth medium
or sterile nutrient broth medium with TiO(OH), solution.
After incubation, the culture solution was observed to have
distinctly markable coalescent white clusters deposited at
the bottom of the flask. The precipitate was obtained by
centrifugation, and washed with distilled water to maintain
neutral pH.

2.3 ldentification of Bacteria

DNA extraction was performed using the boiling method.
For this, a loop full of each bacterial single colony was cul-
tured in a flask containing 100 mL sterile nutrient broth
medium and the flask was incubated in a shaker incubator
at 37 °C and 150 rpm for 24 h. All samples were centrifuged
at 14,000xg for 1 min. Next, the pellet was washed three
times with molecular biology grade water and centrifuged
again (14,000xg for 1 min). The pellet was resuspended in
100 puL molecular biology grade water and transferred to a
water bath maintained at 100 °C for 5 min. The suspensions
were centrifuged and DNA concentration of all samples
was determined using a spectrophotometer (Nanodrop) at
260 nm. Primers used for the partial amplification of bacte-
rial 16S rDNA using quantitative polymerase chain reaction
(qPCR) were as follows: AGAGTTTGATCCTGGCTCAG,
forward primer; AAGGAGGTGATCCAGCCGCA, reverse
primer. The CFX Connect Real-Time PCR Detection Sys-
tem (Bio-Rad Laboratories, USA) was used. qPCR reactions
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were performed as described previously by Dorak. Finally,
for PCR product purification, the Biospeedy™ PCR Puri-
fication kit was used. Samples for PCR product sequenc-
ing were prepared using the ABI prism BigDye Terminator
Cycle Sequencing Ready Reaction kit. Finally, data obtained
after sequencing were subjected to BLASTn analysis avail-
able at National Centre for Biotechnology Information
(NCBI, https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.4 Optimization of Bacterial Culture Conditions
and TiO, NP Synthesis

Among various bacterial strains, a Streptomyces sp. HC1
was allowed to interact with titanium oxide dihydroxide
to form coalescent white clustered precipitates. In order to
achieve high efficiency, the production conditions of Strep-
tomyces sp. HC1 were optimized. For this, the optimum
temperature, pH, and incubation time were investigated.
Absorbance was measured using the Shimadzu spectropho-
tometer at 420 nm. After optimizing the production condi-
tions, different titanium oxide dihydroxide concentrations
and pH conditions were evaluated for optimizing the reac-
tion conditions. The measurements were performed using a
Zetasizer. After optimization, the product was collected and
calcined in order to get TiO, NP. Yield of the biosynthesized
TiO, NP was directly proportional to the mass of the pre-
cipitate after calcination.

2.5 Purification of TiO, NPs

In order to use the synthesized TiO, NPs for in vitro studies,
they were washed to remove excess TiO(OH),, enzymes, and
other impurities from the bacterial culture supernatants. For
this, 30 mL TiO, NP containing supernatant was centrifuged
at 10,000xg for 10 min. The pellet was calcined for the
removal of biomass and organic contents to get TiO, NPs.

2.6 Characterization of TiO, NPs

TiO, NPs were characterized using: SEM, FTIR, XRD, and
AFM. The dried powder containing TiO, NPs was further
subjected to Fourier transform infrared (FTIR) spectroscopic
analysis to determine the components for stabilization of
nanoparticles. Briefly, 2 mg sample was taken and pressed
to form a thin pellet on a cover slip. The sample was placed
on to the sample holder and FTIR spectra were analyzed.
The synthesized nanoparticles were freeze-dried, powdered,
and subjected to X-ray diffraction (XRD) analysis. The dif-
fraction intensities were recorded from 260 angles of 0° to
80°. Samples were further characterized using atomic force
microscopy (AFM) for analyzing their roughness, parti-
cle size, agglomeration, and shape. TiO, NPs were further
analyzed using a scanning electron microscope (SEM), for
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determining their size, shape, and surface morphology. For
AFM and SEM analyses, samples were prepared by sonicat-
ing the liquid samples for 5 min to produce a thin film of the
pellet on a cover slip.

2.7 Bioactivities
2.7.1 Antimicrobial Activities

Antibacterial activity of TiO, NPs was evaluated against
human pathogenic bacteria (gram-positive, Staphylococ-
cus aureus ATCC 29213; gram-negative, E. coli ATCC
35218), yeast (Candida albicans ATCC 10231), and fungus
(Aspergillus niger ATCC 6275) using the agar well diffusion
method. Cultures were maintained at —80 °C as glycerol
stocks until further use. The bacterial and fungal cultures
were inoculated NB and SDB, respectively. The cultures
were incubated under suitable conditions. Bacterial strains
were swapped uniformly onto Mueller Hinton agar (MHA),
while fungal strains were swapped uniformly onto sab-
ouraud dextrose agar using sterile cotton swabs. TiO, NPs
were loaded into wells in agar plates. Diameter of the zone
of inhibition observed around the well after incubation was
noted (Table 1).

2.7.2 Antibiofilm Activities

Pseudomonas aeruginosa ATCC 27853 was used for
determination of antibiofilm activities of TiO, NPs. Bacte-
rial cells corresponding to the McFarland optical density
standard of 2.0 were inoculated into the Brain Heart Infu-
sion (BHI) broth and incubated at 37 °C for 24 h. After
incubation, the culture was diluted (1:100) using fresh BHI
medium and added to the wells of a polystyrene plate con-
taining different concentrations of nanoparticles. Next, the
plates were incubated for 24 h at 37 °C. Following this, the
wells were gently washed, and stained using 1% crystal vio-
let for 45 min at standard room temperature. After washing
the wells again, the bound crystal violet in each well was
solubilized by adding ethanol (96.6%). In each well, the
absorbance due to solubilized crystal violet was measured
using a spectrophotometer at 540 nm. Effect of the TiO, NPs
nanoparticles on biofilm is evaluated in this way.

Table 1 Antimicrobial activities of titanium dioxide nanoparticles
against pathogenic strains

Zone of inhibition (mm)

E. coli S. aureus C. albicans A. niger

Titanium dioxide nano- 12mm 12 mm 8 mm -
particles synthesized by

Streptomyces sp. HC1

3 Results
3.1 Isolation of Microbial Strains

Among all microorganisms isolated from soil samples,
organisms with the ability to synthesize TiO, NPs were iden-
tified on the basis of 16S rRNA sequencing results provided
by Bioeksen AR-GE Technologies Company.

BLAST analysis revealed that this sequence was almost
identical (99%) to that found in Streptomyces sp. strain HC1
(Accession Numbers: MG786558).

3.2 Biosynthesis of Titanium Dioxide Nanoparticles

Microorganisms for TiO, NP synthesis were grown on nutri-
ent broth medium. After the required turbidity was achieved,
the bacterial cultures were used for TiO, NP production.
For this, 20 mL TiO(OH), solution (0.025 M) was added to
bacterial cultures and incubated in a steam bath at 60 °C for
30 min. The negative control flasks contained either sterile
nutrient broth with TiO(OH), solution. After incubation,
the culture solution was observed to have distinctly mark-
able coalescent white. Clusters deposited at the bottom of
the flask (Fig. 1). The precipitate obtained was centrifuged,
and subsequently washed with distilled water to maintain
neutral pH.

3.3 Optimization of Bacterial Culture Conditions
and Titanium Dioxide Nanoparticles Synthesis

3.3.1 Optimization of Bacterial Strain Production

For highly efficient NP production, the culture conditions
for microbial growth were optimized. For this, optimum
temperature, pH, and production time were evaluated. Dur-
ing the evaluation stage, reproducibility was measured by
spectrophotometer at 420 nm, with the optimum wave-
length of the microorganism. Yield of TiO, NPs synthe-
sized at different temperatures (25, 30, 37, and 40 °C), time
durations (24, 48, 72, and 96 h), and pH (5, 6, 7, 8, and 9)

Fig. 1 Titanium dioxide nanoparticles at the bottom of the flask
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are shown in Fig. 2a—c, respectively. Maximum bacterial
growth was observed at pH 9 and 25 °C temperature after
72 h cultivation.

3.3.2 Optimization of Titanium Dioxide Nanoparticle
Synthesis

Various concentrations of TiO(OH), solution (30:4, 30:6,

30:10, 30:15) and various pH (5, 5.5, 6, 6.5, and 7) con-
ditions were evaluated for the optimization of reaction

B Streptomyces sp

conditions as shown in Figs. 3 and 4. All measurements
were performed using a Zetasizer. TiO(OH), solution added
to the microbial cultures was analyzed in a Zetasizer as a
background (Fig. 5).

Figure 4 clearly indicates that the maximum yield of tita-
nium dioxide nanoparticles was obtained at 30:15 concen-
tration of TiO(OH),. It has been reported that the effect of
TiO(OH), concentration on the size distribution of nanopar-
ticles produced using Streptomyces sp. HC1 was negligible.
Figure 5 shows that maximum production of nanoparticles
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Fig. 2 Effect of incubation temperature (a), pH (b) and cultivation time (c) on the growth of Streptomyces sp. HC1
Saze dhistmbution by nvtensaty
12
10} N
-0:—'-‘ 8 v"‘ ""ﬂ
‘o u'. i'.
56 A
E a “ A yal
2 \ f '|‘ -
; z - i 1
0.1 1 10 100 1000 10000

Diameter (nm)

Fig. 3 Size distribution graph of pure TiO(OH), solution
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Fig.5 Size distribution graph of TiO, NPs produced by Streptomyces sp. HC1 under varying pH conditions

was achieved at pH 6.5. It was observed that the amount of
titanium dioxide nanoparticles produced increased as the
concentration of TiO(OH), increased till 30:15 at 6.5 pH;
however, after this, despite increasing the concentration of
TiO(OH),, the rate of production of NPs gradually declined.

3.4 Characterization of Titanium Dioxide
Nanoparticles

The surface morphology of NPs was examined using an
ultra-high resolution field emission scanning electron
microscope (SEM) (Quanta 400F Field Emission). The
crystal structure of TiO, NPs was analyzed using X-ray
diffraction (XRD) (Rigaku Ultima-IV). To confirm the
functional biomolecules associated with TiO, NPs, FTIR
analysis was performed (Nicolet 6700 FT-IR; Thermo

Scientific). Moreover, confirmation of the particle size and
morphology of TiO, NPs was also performed using atomic
force microscopy (AFM) (Veeco MultiMode V). The aver-
age particle size and particle size distribution were meas-
ured using the Zeta-3000HS Zetasizer (Malvern).

3.4.1 SEM Analysis of Titanium Dioxide Nanoparticles

The structural morphology of TiO, NPs was investigated
using SEM, as shown in Fig. 6. SEM analysis showed that
particles were spherical in shape and ranged from 43 to
67 nm in size. Agglomeration was observed, with the aver-
age size less than 260 nm, which was also supported by
the XRD data.
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Fig.6 SEM image of TiO, NPs
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Fig.7 XRD spectrum of TiO, NPs

3.4.2 XRD Spectrum of Titanium Dioxide Nanoparticles

XRD analysis is used to determine phase distribution,
crystallinity, and purity of the synthesized nanoparticles.
XRD spectra (Fig. 7) showed strong diffraction peaks at
20 values of 25°, 37°, 48°, and 55°, which corresponded to
the crystal planes 101, 004, 200, and 211. The diffraction
pattern showed that nanoparticles synthesized by bacte-
ria were from the anatase crystalline phase [19]. We con-
cluded that the nanoparticles were crystalline in nature,
cubic in shape, and without considerable impurities.

3.4.3 AFM Analysis of Titanium Dioxide Nanoparticles

Confirmation of the particle size and morphology of
TiO, NPs was performed using AFM and the results are
shown in Fig. 8. Particle size distribution of TiO, NPs was
observed to be in the range of 32 to 40 nm. Considerably
homogenous grooves were observed in the three-dimen-
sional image [20].
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3.4.4 FTIR Spectrum of Titanium Dioxide Nanoparticles

FTIR analysis was performed to analyze the peaks indicat-
ing TiO, NPs. Since the FTIR analysis was performed after
calcination, most peaks corresponding to organic functional
groups were not observed in the spectrum. The peaks cor-
responding to Ti—O-Ti (1138-1050 cm™') (Fig. 9) bonding
showed high intensity since the analysis was carried out after
calcination [21].

3.5 Bioactivities
3.5.1 Antimicrobial Activities

The disk diffusion method was performed using E. coli, S.
aureus, C. albicans, and A. niger. The synthesized TiO, NPs
displayed antibacterial activities against pathogenic strains,
as shown in Table 1 and Fig. 10. The maximum zone of
inhibition was observed for the TiO, NPs against S. aureus
and E. coli.

3.5.2 Antibiofilm Activities

The different treatments were distributed homogeneously
in each channels. Antibiofilm activity of NPs against patho-
genic strains are presented in Table 2.

Our results showed that the maximum antibiofilm activity
was observed for 500 pL TiO, NPs produced by Streptomy-
ces sp. HC1.

4 Discussion

An important area of research in nanotechnology deals with
the synthesis of nanoparticles of different chemical compo-
sitions, dimension and controlled monodispersity. In recent
years, TiO, has been extensively used as an environmentally
harmonious and clean photocatalyst, because of its optical
properties, high chemical stability and nontoxicity [22]. The
biosynthetic method using microorganisms has received
more attention than chemical and physical methods.

Rajakumar et al. reported that the biosynthesis of TiO,
NPs was achieved using Aspergillus flavus extract as a
reducing and capping agent which proved to be a good anti-
bacterial material against E. coli. Razia Khan et al. synthesis
the TiO, nanoparticles by the bacterial strains were isolated
from dairy industry wastewater.

Although the average particle sizes of the produced par-
ticles are determined nearly 55 nm by SEM analysis the
agglomerates with bigger particles sizes are also shown.
Particle agglomeration depends upon the nature of extract
and compounds present in it [20, 23, 24] attraction of reac-
tivity and functional groups results in the formation of large
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Fig.8 AFM of TiO, NPs a
Three-dimensional image. b
Sizes of three particles. ¢ Parti-
cle size distribution curve

o,
: c
00 -
200 §
! [
i [
Il h" HH
E I MI || ||||||é||m|||ni|: ingal
2] 20 x &) 50 L U T
Fig. 9 FTIR spectrum of TiO
NPs ’ 100 P
96
o -ulr-‘j'—""r-._
o 9
§ 2| 3
E %8 d
& ,
= o i
2 o %E "
=~ B0 - 3
76 _ , _ i
3500 3000 2504} 200 1 500 1 (MH)

sized particles. These particles have coatings of different
biological compounds having surface hydroxyl groups.
Depending on the intramolecular hydrogen bonding between
these entities, the particles appear to be agglomerated [20,
23-25]. XRD analysis is used to determine phase distribu-
tion, crystallinity, and purity of the synthesized nanoparti-
cles. From the spectra of the XRD it is concluded that the
nanoparticles were crystalline in nature, cubic in shape, and

(%) Wavenumber (cm‘!)

without considerable impurities. While the results that are
obtained from the AFM results are investigated it has been
reported that nanoparticles are smaller than the estimated
dimensions obtained from SEM images, which may be due
to nanoparticle agglomeration [24]. Since the FTIR analysis
was performed after calcination, most peaks correspond-
ing to organic functional groups were not observed in the
spectrum.
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Fig. 10 The antimicrobial
effect of TiO, NPs at Candida
albicans and E. coli

Table 2 Antibiofilm activity of titanium dioxide nanoparticles against
pathogenic strains

Antibiofilm activities (OD)

20puL 100 uL 200 pL 500 pL

Titanium dioxide nanoparticles
synthesized by Streptomyces
sp. HC1

Weak Weak Moderate Strong

Gelover et al. reported that among all NPs, the TiO,
NPs were most commonly studied for their photocatalytic
and antimicrobial activities [26]. According to previous
reports, titanium dioxide NPs also inhibited the growth of
E. coli and S. aureus [27-29]. Nanoparticles are viable and
highly potent alternatives to antibiotics [30, 31]. Biofilms
are complex bacterial populations that resist the action of
antibiotics and responses of the human immune system
[32, 33]. Our results showed that the maximum antibiofilm
activity was observed for 500 pL TiO, NPs produced by
Streptomyces sp. HC1.

Titanium dioxide nanoparticles are inexpensive, non-
toxic, and eco-friendly NPs that are synthesized using
microorganisms (such as Streptomyces spp.) and character-
ized using SEM, AFM, XRD, FTIR, and Zetasizer. Size of
the synthesized TiO, NPs was in the range of 30 to 70 nm.
These nanoparticles not only demonstrated antimicrobial
activity, but also antibiofilm activity. The method detailed
in the present study provides a fast route for preparing pure
titanium dioxide nanoparticles. This method is simple and
cost effective. Further, this technique can also be used for
the synthesis of various other metallic nanoparticles.
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