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Abstract

The rise of drug-resistant bacterial strains is escalating due to the ability to produce biofilms shielding bacteria from anti-
microbial agents. Consequently, novel approaches are imperative for managing biofilm-related infections in healthcare set-
tings. Silver-based nanoparticles have revealed potential antimicrobial characteristics against various bacteria. In the present
work, silver-modified TiO, (Ag@TiO,) and silver-modified/N-doped TiO, (Ag @N-TiO,) nanocomposites were synthesized
using the sol-gel and photochemical deposition under UV light illumination. FTIR, XRD, and DRS were performed to char-
acterize the vibrational, structural, and optical properties of the synthesized materials, respectively. In addition, FE-SEM
and EDX analysis were also utilized to determine the surface morphology, particle size, and elemental composition of the
prepared materials. Furthermore, the synthesized Ag@TiO, and Ag@N-TiO, nanocomposites were explored and compared
for antimicrobial and anti-biofilm agents against clinically isolated multidrug-resistant (MDR) Klebsiella pneumoniae (K.
pneumoniae) on the silicone rubber as a urinary catheter material in the medical devices. The results showed that both Ag@
TiO, and Ag@N-TiO, composites exhibited antimicrobial activities compared to negative control. The Ag—>@TiO, com-
posite possessed a highest inhibition zone (77.29%) against MDR K. pneumoniae. In addition, anti-biofilm assay through
the crystal violet method showed that Ag™! @TiO, revealed an optimum inhibition (54.20%) compared to other samples. In
conclusion, Ag@TiO, and Ag@N-TiO, nanocomposites have exhibited promising antimicrobial and anti-biofilm agents in
medical devices, providing an effective inhibition toward the bacterial growth and biofilm formation of MDR K. prneumoniae.
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Introduction

Klebsiella pneumoniae, a gram-negative bacterium
belonging to the family of Enterobacteriaceae, is natu-
rally found as normal microbiota in the human gastroin-
testinal tract. Uncontrollable growth of these bacteria can
lead to serious multiple-site infection problems including
meningitis, endophthalmitis, pyogenic liver abscess, and
urinary tract infection (Chang et al. 2021; Li et al. 2022).
K. pneumoniae can be transmitted through urinary cath-
eters to cause healthcare-associated urinary tract infections
(HAUTISs) and catheter-associated urinary tract infections
(CAUTIs) (Chang et al. 2021; CDC 2024).

The spreading of antimicrobial resistance cases associ-
ated with K. pneumoniae infections has gotten worse in
the last two decades. In 2017, the WHO categorized mul-
tidrug resistance (MDR) Enterobacteriaceae, including
K. pneumoniae, on top of the list of bacteria that urgently
needed new antibiotics (Tacconelli et al. 2018). These bac-
teria can generate multiple defensive mechanisms to avoid
antimicrobial agents; one of them is biofilm production
(Adeosun et al. 2022). Biofilm is a dense structure con-
sisting of hetero-microbes living and surrounded by an
exopolysaccharide matrix (Donlan 2002). This structure
protects K. pneumoniae from unfavorable living condi-
tions and makes them remain viable for 2 to 4 weeks on
abiotic surfaces like the inner side of the catheter tube
(Centeleghe et al. 2023).

Silver nanoparticles (Ag NPs) are known as inert-bio-
logically active against broad-spectrum pathogens. It has
previously been reported that Ag NPs exhibited antimicro-
bial mechanisms through membrane disruption by reac-
tive oxygen species/ROS generated from photocatalytic
reactions (Wafi et al. 2020; Alotaibi et al. 2022). Ag NPs
combined with titanium dioxide (TiO,) as a carrier were
widely used as antimicrobial coating agents because of
their stability, availability, and cost-effectiveness (Jalali
et al. 2016). The addition of nitrogen (N) atom on Ag@
TiO, nanoparticle results in shifting of excitation wave-
length from a higher energy ultraviolet into a lower visible
light region, hence enhancing its antimicrobial activity in
living environments (Wong et al. 2015; Calisir et al. 2020).
Some study of Ag@N-TiO, nanoparticles shows antimi-
crobial and anti-biofilm efficacy against some pathogens
such as Staphylococcus aureus, Escherichia coli, Vibrio
fischeri, and Chromobacterium violaceum (Khan et al.
2012; Naik and Kowshik 2014; Santhosh and Natarajan
2015; Wafi et al. 2020).

However, to the best of our knowledge, there is no
evidence of Ag@TiO, and Ag@N-TiO, nanocomposites
as novel antimicrobial and anti-biofilm agents for clini-
cally isolated MDR K. pneumoniae bacteria. Hence, the
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anti-biofilm effect of Ag@TiO, and Ag@N-TiO, nano-
composites was also evaluated against MDR K. pneu-
moniae on a surface of silicone material. In addition, the
vibrational, structural, optical, surface morphology, par-
ticle size, and elemental composition of the synthesized
Ag@TiO, and Ag@N-TiO, nanocomposites were also
characterized and discussed in detail.

Materials and methods
Materials

The materials used in this work were all in analytical grade.
Titanium (IV) isopropoxide, TTIP (Til{OCH(CH;),]1,) 98%,
and crystal violet 0.1% were obtained from Sigma-Aldrich.
Ethanol 70%, urea, and AgNO; were obtained from Merck.
Meropenem was purchased from Hexpharm. Antibiotics
contained paper discs including amoxicillin (AML), cefix-
ime (CFM), cefotaxime (CTX), cefuroxime (CXM), and
ceftriaxone (CXO) were obtained from Oxoid. In addition,
a Milli-Q system was used to obtain the distilled water.
Klebsiella pneumoniae strain bacteria were obtained
from the sputum of a pneumonia-active patient at Dr. Saiful
Anwar Hospital, Malang, Indonesia. The cultivation was
taken at the Laboratory of Microbiology, Faculty of Medi-
cine, Universitas Brawijaya, Indonesia. Microbiological
grade culture media used in this study (Luria—Bertani and
Mueller Hinton Agar) was purchased from HiMedia.

Synthesis of TiO, and N-TiO,

The N-TiO, and bare TiO, were synthesized using the facile
sol-gel method at low temperatures. Generally, 5 mL of tita-
nium (IV) isopropoxide was dispersed in the 40 mL of etha-
nol under continuous stirring for 5 min. Then, 4 g of urea
(as N dopant) in 10 mL distilled water was added into the
mixture solution and stirred for 60 min at ambient tempera-
ture. Afterward, the suspension was heated to evaporate the
ethanol then dried in the oven for 15 h at 80 °C. The white
precipitate then was calcined for 30 min at 450 °C (heating
rate of 5 °C min™"). The bare TiO, was also synthesized in
a similar way without urea addition.

Synthesis of Ag@TiO, and Ag@N-TiO,
nanocomposites

The photochemical reduction technique was utilized to deco-
rate the surface of TiO, and N-TiO, with Ag nanoparticles.
Typically, 150 mg of the prepared bare TiO, or N-TiO, pho-
tocatalysts were dispersed in 20 mL AgNOj; solution with
various concentrations (10_l M, 1072 M, and 1073 M) and
homogeneously stirred for 10 min to reach equilibrium.
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Subsequently, the mixtures were irradiated by using a
UV lamp of 15 Watt (365 nm) to initiate the photochemi-
cal reduction of Ag* into Ag’. After 10 min of the pho-
toreduction process, the mixture was filtered and obtained
products were dried in the oven overnight. A gray powder
of Ag@TiO, and Ag@N-TiO, was obtained and coded as
Ag~'@TiO,, Ag"2@TiO,, Ag>@Ti0,, Ag~'@N-TiO,,
Ag?@N-TiO,, Ag>@N-TiO,. Ag~!, Ag™% and Ag~> codes
are representing the initial AgNO, concentrations of 10! M,
1072 M, and 107> M, respectively. Furthermore, the col-
lected materials were subjected to characterization, antimi-
crobial and anti-biofilm tests.

Characterizations

The crystalline phase and crystallite size of the prepared
photocatalysts were measured using a Rigaku Smart-
Lab X-ray diffractometer with a Cu Ka radiation source
(A=1.5405 A) in 20 range from 10 to 90. Field emission
scanning electron microscope (FE-SEM) Hitachi SU3500
equipped with an energy-dispersive X-ray (EDS) spectrom-
eter was utilized to determine the surface morphology, par-
ticle size, and elemental composition of the samples. The
optical properties of the photocatalysts were determined by
using an Ocean Optics Inc. diffuse reflectance spectrometer
(DRS). The Thermo Scientific Nicolet FTIR-ATR was used
to evaluate the vibrational characteristics of the samples.

Bacterial identification and antibiotic susceptibility
test

Morphological, physiological, and biochemical identifica-
tion were conducted to K. pneumoniae isolate. The isolates
were spread-streaked onto MacConkey agar plates and incu-
bated for 24 h at 37 °C. The presence of K. pneumoniae was
identified by its distinctive pink mucoid colonies (Osman
et al. 2020). Gram staining method using crystal violet,
iodine, and safranin were used to observe and identify the
isolate under microscope. K. pneumoniae appear as a rod-
shaped gram-negative bacterium. For more identification,
Microbact® GNB 12A (Oxoid) biochemical test was done.
Pour 4 drops of bacterial suspension into the test strip’s
well then placed for incubation at 35 °C for 24 h. After the
incubation, briefly added 1 drop of TDA reagent (Oxoid)
and recorded the results using Microbact® identification
package.

Antimicrobial test

The antimicrobial activity of Ag@TiO, and Ag@N-TiO,
nanocomposites was evaluated using the disc diffusion
(Kirby-Bauer) method. A 200 pL of K. pneumoniae sus-
pension was inoculated on MHA media. A 3 mg of Ag@

TiO, or Ag@N-TiO, was transferred into 10 mL of acetone
to make a 0.3 mg/L(w/v) suspension. A blank paper disc
was submerged into suspension for 15 min and placed on the
surface of pre-inoculated MHA media. The dish was then
incubated for 24 h at 37 °C and observed. Clear circular zone
around the disc is defined as inhibition zone. It was meas-
ured triplicates from edge-to-edge of inhibition zone (verti-
cal, horizontal, and diagonally). For the comparison, 10 pg
of meropenem was used for positive control and Lysogeny
broth medium for negative control.

Anti-biofilm assay

Microtiter plate method was performed to measure the anti-
biofilm activity of Ag@TiO, and Ag@N-TiO, nanocompos-
ites on silicone material. Medical-grade silicone sheets with
1 mm thickness obtained from ASONE® were cut into disks
with a diameter of 6 mm. Ag@TiO, and Ag@N-TiO, nano-
composites were coated on the surface of silicones. Coated
silicones were placed in a 48-well microtiter plate and sub-
merged with 200 pL of K. pneumoniae suspension. After
6 h of incubation at 37 °C, the biofilm formed on the sur-
face of the well and silicone discs was stained with a 0.1%
crystal violet dye solution. Firstly, the unattached bacteria
in the suspension were discharged then added by 125 pL of
0.1% crystal violet solution into the well, then incubated for
15 min. Then, the solution was pulled out and rinsed using
distilled water three times to remove the excess of crystal
violet. Furthermore, 200 pL of 30% acetic acid was added,
and the diluted crystal violet was quantified to measure the
amount of biofilm. The quantification was performed using
a MERCK Biotek microplate reader at 595 nm. Optical
density at 595 nm (ODsy5) was used to quantify the stained
biomass on biofilm formation of K. pneumoniae. The higher
intensity of ODsq5 shows a higher biofilm formation which
means a lower inhibition (Roy et al. 2018).

Furthermore, a 10 pg of meropenem and Lysogeny
broth medium were used as a positive and negative control,
respectively.

Results and discussion
Material properties

Figure 1a shows the FTIR spectra of the prepared samples.
Firstly, the broadband around 400-900 cm™' can be assigned
to the Ti-O and O-Ti-O stretching. Because of the adsorbed
water, the OH stretching and bending are observed around
1627 cm™" and 30003500 cm™', respectively (Ocwelwang
and Tichagwa 2014; Cheng et al. 2016). Furthermore, the
peak around 1402 cm™! is assigned to the bending of N-H
which is found in the N-TiO, and Ag@N-TiO, samples. In
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Fig.1 a FTIR spectra and b XRD patterns of the prepared samples

addition, another characteristic peak is found at 3161 cm™!
and 3436 cm™!, which correspond to the N-H stretching.
Therefore, it implies that the N dopant was successfully
incorporated into the TiO, lattice (Li et al. 2010; Sanchez-
Martinez et al. 2018). Furthermore, the characteristic peak
of Ag can be seen around 1306 cm™! for Ag@N-TiO, sam-
ples. This peak indicates the interaction between Ag and
TiO, which does not appear in the TiO, and N-TiO, (Sarteep
et al. 2016).

Figure 1b shows the structural characteristics of the syn-
thesized samples. It can be seen that bare TiO, consisted of
an anatase crystalline phase. The diffraction peaks located
at 20 of 25.4°, 37.8°, 48.0°, 54.1°, 55.0°, and 62.7° corre-
sponded to the (101), (004), (200), (105), (211), and (204)
crystal faces of anatase TiO, (JCPDS, No.21-1272), respec-
tively (Wang et al. 2017). No additional peaks were found
at the crystal phase or structure of TiO, after modifications
with N, Ag, and Ag@Ny/. It could be attributed to the fact
that doping with N or/and Ag did not aggregate to form a
new phase and did not alter the crystal structure of TiO, at
low concentrations of dopants (< 10 wt%) (Chen et al. 2017,
Abbad et al. 2020).

The average crystallite size was calculated from the dif-
fraction pattern by using Scherrer’s equation. The considered
peaks for this calculation are at 26 of 25, 37, and 48°, as
shown in Table 1. The results show that the average crys-
tallite size slightly decreased when it doped with N or/and
Ag which is in agreement with the previous results (Pino-
Sandoval et al. 2020; Abbad et al. 2020).

The optical properties of the synthesized samples
were measured using a UV-Vis diffuse reflectance
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Table 1 Average crystallite size of the prepared samples

Catalysts Peak position (20)  Crystallite ~ Average
size (nm) crystallite size
(nm)
TiO, 25.319 11 14.17
37.87 15.5
48.00 16
N-TiO, 25.311 11.6 11.73
37.843 13.5
48.082 10.1
Ag~2@TiO, 25.417 11.6 11.73
37.799 13.5
48.012 10.1
Ag?@N-TiO, 25.305 11.6 11.73
38.035 13.5
48.131 10.1

spectrophotometer as shown in Fig. 2. It can be seen that
the absorption edge of TiO, moved to the visible region
(redshift) after doping with N or/and Ag elements. The N
dopant could produce a new energy level above the valence
band of the TiO, and narrow the bandgap energy (Khan et al.
2014; Lei et al. 2015). In addition, the Ag modification also
could change the energy level and increase the visible light
absorption via the surface plasmon resonance effect (Chen
et al. 2017). Yang et al. reported the fabrication of rice-like
Ag@N-TiO, via hydrothermal and photoreduction methods.
The optical properties also showed a redshift absorption of
the N-TiO, and Ag@N-TiO, samples (Yang et al. 2016).



Chemical Papers

90
—TiO,
——N-TiO,
801 __ aAg?@TiO,
- —— Ag@N-TiO,
S 70
(4]
o
c
S 60
o
9
®
o 50
[+
(2]
=]
£ 40
a
30
20

T T T T T T T T T T T
250 300 350 400 450 500 550
Wavelength (nm)

Fig. 2 Diffuse reflectance spectra of the prepared samples

Figure 3 shows the FE-SEM images of prepared samples.
Ag~2@TiO, and Ag~2@N-TiO, nanocomposites were spher-
ical in shape with a slight agglomeration (Fig. 3a and d). The
particle size distribution was then calculated from FE-SEM
images by using ImagelJ software. The result shows that the
particle sizes of Ag_z@TiO2 and Ag_z@N—TiO2 samples
were around 160-300 nm but dominantly at 220-240 nm as
shown in Fig. 4. Sun and co-workers also modified the TiO,
with N and Ag nanoparticles via in situ calcination. Spheri-
cal nanoparticles were obtained using the synthesis method

15.0kV x25,000

with a particle size of Ag@N-TiO, was about 63.5 nm (Sun
et al. 2016).

Furthermore, small size and aggregated Ag nanopar-
ticles were observed in both Ag2@TiO, (Fig. 3b, ¢) and
Ag~?@N-TiO, (Fig. 3e, f) nanocomposites. The domi-
nant sizes of Ag nanoparticles were about 70-90 nm and
40-70 nm for Ag~2@TiO, and Ag—>@N-TiO,, respectively
(Fig. 5a, b). The present study possessed a larger Ag size
distribution compared to the previously reported article (Sun
et al. 2016). It implies that during the photochemical process
by UV light irradiation, the high reduction potential of Ag*
(0.799 V) accepted the photogenerated electron from CB of
TiO, or N-TiO, and produced Ag” nanoparticles (Bhardwaj
et al. 2019).

The EDX analysis was examined to investigate the ele-
mental composition of the samples as shown in Figs. 6 and
7. Figures 6a—d and 7a—d show that Ti, O, and Ag elements
were well distributed in all samples of Ag~2@TiO, and
Ag2@N-TiO, nanocomposites. However, some Ag nano-
particles were aggregated in some areas which are indicated
by a thicker blue color of Ag element. Compared to Ag™>@
TiO, (Fig. 6d), more Ag aggregations were found in the
Ag ?@N-TiO, sample (Fig. 7d). This phenomenon might
be due to the long irradiation time of the photochemical
reaction which continuously produces Ag® nanoparticles and
then agglomeration (Bhardwaj et al. 2019). Furthermore, the
Ag element also had been detected in the EDX spectra at
around 3 keV for Ag~>@TiO, and Ag~2@N-TiO, samples
(Figs. 6e and 7e). It implies that Ag was successfully incor-
porated into TiO,. However, the atomic percentage of Ag
in the Ag~2@TiO, sample was higher compared to that of
Ag?@N-TiO, with values of 7.7% and 1.3%, respectively.

798 SENLSEII 15.0kV x25,000

8.0 8 SEM_SEI § 15.0kV x25,000 8.0 8 SEM_COMPO

Fig.3 FE-SEM images of a—c Ag_2@TiO2 and d—f Ag_z@N-TiOZ nanocomposites
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Fig.6 a—d EDX elemental map-
ping and e EDX spectra Ag—2@
TiO, nanocomposite
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AML (25 pg), cefixime/CFM (10 pg), cefotaxime/CTX
(30 pg), cefuroxime/CXM (30 pg), and ceftriaxone/CXO
(30 pg) were selected. Antibiotic selections, dosage, and
methods were adopted as mentioned in EUCAST clini-
cal breakpoint table for antimicrobial susceptibility test-
ing (EUCAST 2022). According to the EUCAST table of
clinical breakpoint v.13.1, bacterial samples were resistant
to all selected antibiotics (Fig. 9), thus can be categorized
as multidrug-resistant (MDR) strains (Khasanah et al.
2020; EUCAST 2022).

Antimicrobial activity of Ag@TiO, and Ag@N-TiO,
nanocomposites against MDR K. pneumoniae

The antimicrobial assay was conducted using the Kirby-
Bauer disc diffusion method against MDR K. prneumoniae.
Inhibition zone (mm) by Ag@TiO, and Ag@N-TiO, nano-
composites with various Ag concentrations is shown in
Table 3 and Fig. 10.

Figure 10 shows the photograph of the inhibition zone
produced by various concentrations of Ag@TiO, and
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Fig.7 a—d EDX elemental Electron Image 1 Ti Kal
mapping and e EDX spectra
Ag—2@N-TiO, nanocomposite
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Fig.8 a Colony and b cell mor-
phology of Klebsiella pneumo-
niae after Gram staining
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Table 2 Biochemical

. 2 . ) S. No. Biochemical reaction Results
identification of K. pneumoniae
isolated sample using 1 Lysine decarboxylase Positive
Microbact® GNB 12A after 2 Ornithine decarboxylase Negative
24 h incubation ¥ &
3 H,S production Negative
4 Glucose fermentation Positive
5 Mannitol fermentation Positive
6 Xylose fermentation Positive
7 Hydrolysis of o-nitrophenyl--d-galactopyranoside Positive
(ONPG) by B-galactosidase
8 Production of indole from tryptophan Negative
9 Hydrolysis of urea Positive
10 Production of acetoin from Voges—Proskaiier reaction Positive
11 Citrate metabolism Positive
12 Production of indole-pyruvate from tryptophan deamination Negative

Fig.9 Susceptibility test result of several antibiotics: (1) AML, (2)
CFM, (3) CTX, (4) CXM, and (5) CXO against K. pneumoniae

Table 3 Inhibition zone of Ag@TiO, and Ag@N-TiO, nanocompos-
ites

Samples Inhibition zone (mm) Mean+SD Inhibition
zone (%)
I i 11
(+) control 3.62 345 377 361+016 100
Ag73@TiO, 272 285 280 2.79+0.06  77.29
Ag2@TiO, 268 280 269 272+0.07 7535
Ag~'@TiO, 271 265 268 2.68+0.03  74.24
Ag@NTiO, 250 255 235 2474010 6842
Ag?@N-TiO, 1.80 1.84 1.87 1.84+0.03  50.97
Ag'@NTiO, 135 128 134  1.32+0.04 3657

(—) control 011 012 010 0.11+0.01 3.05

Ag@N-TiO, nanocomposites against MDR K. pneumoniae.
All experimental groups were significantly different against
negative control with the value of P <0,05 according to the

one-way ANOVA significance test. It means that all nano-
composites actively inhibited the growth of MDR K. pneu-
moniae. Moreover, post hoc (Tukey) test revealed that the
increasing of Ag concentration on Ag@TiO, nanocompos-
ites exhibited no impact on the antimicrobial activity. On the
other hand, a significant decline was recorded for Ag@N-
TiO, samples at higher Ag concentration (P <0,05). The
details of statistical analysis are shown in Tables S1, S2 in
the Supplementary Information. From the result, Ag@TiO,
exhibited more antimicrobial activity compared to Ag@N-
TiO,. Conversely, an elevation in the concentration of sil-
ver (Ag) resulted in a decrease in the antimicrobial activ-
ity of nanoparticles against MDR K. pneumoniae. Ag™>@
TiO, nanocomposite exhibited maximum zone inhibition
(2.79+£0.06 mm or 77.29%), while Ag_1 @N-TiO, nanocom-
posite showed minimum zone of inhibition (1.32 +0.04 mm
or 36.57%) as shown in Table 3 and Fig. 11.

Previous antimicrobial studies have been made for
Ag@TiO, and Ag@N-TiO, nanocomposites against
Escherichia coli, Streptococcus pyogenes, Staphylococcus
aureus, and Acinetobacter baumannii (Wong et al. 2015).
However, the antimicrobial properties of Ag nanoparticles
along with TiO, are reported to be more effective in the
presence of visible light (Khan et al. 2019). TiO, exhibited
a photocatalytic activity with Ag to produce reactive oxygen
species (ROS) (O, and ‘OH). The addition of a nitrogen
(N) atom could enhance the reaction by reducing its activa-
tion energy (Schneider et al. 2014; Ansari et al. 2016; Yang
et al. 2018).

Anti-biofilm activity
The ability of Ag@TiO, and Ag@N-TiO, nanocomposites
to tackle the biofilm formation of MDR K. pneumoniae

was evaluated with the tissue culture plate method using
crystal violet staining (Roy et al. 2018). A bacterial culture
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Fig. 10 The photograph of inhi-
bition zone produced by Ag@
TiO, and Ag@N-TiO, samples:
(1) (+) control; (2) Ag@TiO,;
(3) Ag2@TiO,; (4) Ag™'@
TiOy; (5) Ag*@N-TiO,;

(6) AgT2@N-TiOy; (7)

Ag !@N-TiO,; and (8) (-)
control

(-) Control

Ag'@N-TiO,

X

Ag?@N-Tio, ‘

AgP@N-Tio, ‘

Samples

Ag'@Tio, ‘

Ag?@Tio, ‘

Ag*@Tio, ‘

(+) Control ‘

0 20 40 60 80 100

Zone inhibition (%)

Fig. 11 Inhibition zone (%) of MDR K. pneumoniae introduced by
various silver concentrations of Ag@TiO, and Ag@N-TiO, nano-
composites

was inoculated on the surface of silicone material to mimic
the biofilm formation on a silicone catheter. Anti-biofilm
test results revealed that both Ag@TiO, and Ag@N-TiO,
nanoparticles acted as good anti-biofilm agents against
MDR K. pneumoniae. Table 4 and Fig. 12 show the
percentage of anti-biofilm inhibition of Ag@TiO, and
Ag@N-TiO, nanocomposites in various concentrations.
Anti-biofilm activity of Ag@TiO, and Ag@N-TiO,
nanocomposites was decreased in the addition of Ag.
Ag~'@TiO, nanocomposite exhibited optimum anti-
biofilm effect with 54.206% of inhibition after the posi-
tive control (meropenem 10 pg; 61.682%). Our finding
revealed that both Ag@TiO, and Ag@N-TiO, nanocom-
posites were good anti-biofilm agents. The statistical
analysis of the one-way ANOVA and post hoc (Tukey)
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Table 4 Biofilm inhibition of Ag@TiO, and Ag@N-TiO, nanocom-
posites against MDR K. pneumoniae on silicone material

Samples Optical density at Mean +SD Biofilm
595 nm wavelength inhibition

(ODsgs) (%)
I I il

0.466
0.375
0.328
0.288
0.225
0.307
0.320
0.162

0.456
0.249
0.267
0.227
0.175
0.295
0.232
0.190

0.362
0.341
0.261
0.226
0.187
0.285
0.265
0.140

0.428 +0.574
0.322+0.065
0.285+0.037
0.247+0.035
0.196 +0.026
0.296+0.011
0.272+0.044
0.164 +0.025

0.000
24.844
33.333
42.290
54.283
30.919
36.371
61.682

(—) control
Ag"'@N-TiO,
Ag 2 @N-TiO,
Ag@N-TiO,
Ag"'@Tio,
Ag?@TiO,
Ag7@TiO,
(+) control

(-) Control

Ag'@N-TiO,

Ag?@N-Tio, ‘

AgP@N-Tio, ‘

Samples

Ag'@Tio, ‘

Ag?@Tio, ‘

Ag?@Tio, ‘

(+) Control ‘

0 10 20 30 40 50 60 70
Biofilm inhibition (%)

Fig. 12 Biofilm inhibition (%) of Ag@TiO, and Ag@N-TiO, nano-
composites against MDR K. prneumoniae on the silicone material
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tests also showed a significantly different against negative
control with the value of P <0,05 (see Tables S3, S4).

Interestingly, Swidan and his co-workers reported that
Ag nanoparticles inhibited biofilm formation by disrupt-
ing the intermolecular forces between bacterial cells with
some abiotic surfaces. Ag nanoparticles exhibited anti-
quorum sensing activities against the biofilm formation
of pathogens (Santhosh and Natarajan 2015; Swidan et al.
2022). Another experiment also reported the anti-biofilm
and antimicrobial activities of Ag@TiO, and Ag@N-TiO,
nanocomposites were affected by some factors, i.e., par-
ticle size and distribution, degree of agglomeration, the
concentration of Ag, and interaction with target molecules
(Jalali et al. 2016).

Additionally, our results also revealed that an excessive
AgNO; concentration could increase the aggregation and
agglomeration of the produced Ag nanoparticles which then
reduce its surface area (Chakhtouna et al. 2021). This phe-
nomenon could affect to the interaction between active mate-
rials with target bacteria and decreased the antimicrobial
and anti-biofilm activities (Murugadoss et al. 2020). On the
other hand, the presence of nitrogen doping on Ag@N-TiO,
resulted a lower percentage of Ag nanoparticle as an active
microbial agent (1.3%) compared to Ag@TiO, (7.7%) as
shown in the EDX result in Figs. 6 and 7. As a result, the
presence of nitrogen doping could not significantly affect to
enhance the antimicrobial activity (Lan et al. 2013). Overall,
the prepared nanocomposites still showed a great promise as
antimicrobial and anti-biofilm agents against MDR K. pneu-
moniae but require more scientific evidence on the study of
in vivo.

Conclusion

Herein, we report the successful synthesis of spherical TiO,,
N-TiO,, Ag@TiO,, and Ag@N-TiO, nanocomposites via the
sol—gel and photochemical reduction methods. XRD patterns
showed that all samples were in the anatase phase. FE-SEM
and EDX results showed that Ag nanoparticles have been
successfully decorated on the surface of TiO, and N-TiO,.
Furthermore, both Ag@TiO, and Ag@N-TiO, nanocom-
posites showed antimicrobial and anti-biofilm effects against
multidrug resistance K. pneumoniae which was clinically
isolated from a sputum specimen of pneumoniae-active
patient. Our result suggests that silver concentration signifi-
cantly affected the antimicrobial and anti-biofilm activities
of Ag@TiO, and Ag@N-TiO, nanocomposites. Further-
more, Ag@TiO, and Ag@N-TiO, nanocomposites poten-
tially offer a promising inert antimicrobial and anti-biofilm
coating agent for medical devices to control the spreading of
biofilm associated with the MDR K. pneumoniae.
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