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Abstract

Preventing the growth of potentially deadly bacteria by newly synthesized nanoparticles (NPs) is of great importance in the
development of future drugs. Here, chromium-doped alumina (Al,05:Cr) NPs with an average diameter of about 6 nm were
synthesized by a novel combination of chemical and sol-gel methods, followed by their calcination at different temperatures.
The antibacterial properties of the resulting non-porous NPs were evaluated by the decomposition of two detectors
(anthracene and methylene blue), and biofilms with five different concentrations (0—100 mg/mL), while also investigating
structural, chemical, morphological and optical properties. Scanning and transmission electron microscopic analyses, along
with X-ray diffraction patterns of the Al,0;3:Cr NPs revealed ultrafine crystalline particulates with spherical-like
morphology. Moreover, the formation of Al-O chemical bonds, and an optical band gap of 3.07eV were evidenced.
Antibacterial activity of the y-Al,O3:Cr NPs calcined at 800 °C showed high inhibitions of 60% and 61% against S.aureus
and P.aeruginosa microorganisms at a minimum inhibitory concentration of 100 mg/mL, indicating their potential use in the
decomposition of gram-positive and gram-negative biofilms, respectively.
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e Ultrafine y-Al,O5:Cr nanoparticles were synthesized by a combination of chemical and sol-gel methods.

e Crystalline, compositional, morphological, chemical state, and optical properties were investigated.

e Antibacterial activity of the nanoparticles calcined at 800 °C was tested against two microorganisms.

¢ Biofilm decomposition with high inhibitions of 60% and 61% was obtained against S.aureus and P.aeruginosa.

—

Introduction

Bacterial diseases are a worldwide problem for the human
health, and are among the main reasons for human mor-
tality, leading to considerable damage to human society
[1, 2]. Despite all the advances made in this regard, most of
the mortality of patients is due to bacterial invasion,
attacking some certain organs such as the brain, lungs,
bones, and liver [3, 4]. As well, traditional antibacterial
treatments including the use of antibiotics may develop
antibiotic resistance, threatening the health of humans and
animals [5-7]. In the past decades, broad strategies invol-
ving nanodrugs have been adopted to cure bacterial diseases
based on antibiotic-free treatments [8, 9]. These achieve-
ments may lead to an increase in the survival rate of
patients.

Notably, photodynamic therapy may be considered a
clinical treatment of bacterial diseases [10, 11], consisting
of the following three main parts: the material sensitive to
the light, the light with a certain wavelength, and the oxy-
gen molecule. When these parts combine with each other,
reactive oxygen groups are induced. Various incident lights
such as X-ray and infrared have been used in order to
enhance the photodynamic therapy effect when two photons
are combined together [12]. On the other hand, depending

on the material sensitive to light and the incident light
energy, the mechanism involved in the mortality by bacteria
will be different [13, 14]. The production and design of
different light-sensitive materials cause more wavelengths
and singlet oxygen regions to be active, leading to shorter
periods of sensitivity elimination [14, 15].

Essentially, the photodynamic therapy is based on the
certain energy of the photoactivity of absorbed molecules,
producing reactive oxygen species to kill damaged cells
[16]. The production of these species is performed through
two photochemical mechanisms. The first mechanism
involves the absorption of hydrogen atoms or the electron
transfer between the excited light-sensitive atoms in the
triplet state, or proximity of one of organic molecules or
excited oxygen molecules in a micron-size cell texture to
form radicals and superoxide anions (O,) [17].

In turn, the superoxide anions may be combined with
each other to generate hydrogen peroxide (H,0;). Hydrogen
peroxide and superoxide anions with high concentrations
may produce hydroxyl radical (OH ") as well. In the second
mechanism, singlet oxygen ('O,) is generated with the
energy transition from excited light-sensitive atoms in the
triplet state to oxygen molecules during the collision pro-
cess [17]. For better clarity, the aforementioned photo-
chemical mechanisms are schematically depicted in Fig. 1
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Fig. 1 Schematic representation of the production of reactive oxygen species by two photochemical mechanisms
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[18]. In the photodynamic therapy, the photochemical pro-
cess of both methods occurs simultaneously, whose ratios
depend on the light-sensitive material employed, available
oxygen and organic materials.

Nanoparticles (NPs) are commonly used in the photo-
dynamic therapy in order to increase the death rate of
bacterial cells, and make the emitting region more effective
for sensitivity elimination [16]. They can also increase the
capability of encapsulating light-sensitive materials, keep-
ing them in monomeric templates. The solubility of light-
sensitive materials may be enhanced after adding NPs,
producing extra singlet oxygen molecules [19]. Metal-oxide
NPs such as Al,O3, ZnO, TiO,, and CuO are known to have
good antibiotic and antimicrobial properties, widely
affecting microorganisms [20-23].

It is possible to employ an optimum amount of light-
sensitive materials for photodynamic therapy, thus design-
ing applicable composites through combining various sen-
sitizers with different types of chemotherapy medicines, and
achieving photodynamic therapy with directive imaging by
multimolecular agents [16]. NPs acting as light-sensitive
materials have also many advantages in drug delivery sys-
tems, including the biocompatible production of photo-
sensitizers against enzyme decomposition, and control of
the release of photosensitizers in target tissues [19]. In
addition, metal NPs (e.g., Au, Ag and Cu NPs) have shown
good medicinal properties in treating bacteria-based dis-
eases [24-26].

Alumina (Al,O3) is a common industrial catalyst with
relatively uniform and high surface area mesopores, pro-
viding large thermal stability compared to other mesoporous
materials [27, 28]. Apart from their special properties,
Al,O3 NPs are a good candidate for carrying drugs, and
have other applications in thermal sensors and catalyst
supports [20, 29]. Other advantages of Al,O3; NPs include
low toxicity, low price and various surface modifications
[29]. The band gap energy of pure Al,O3; NPs (E,~
3.43eV) [30] is also suitable for photodynamic applica-
tions. Recent research investigations have focused on the
doping of Al,0O3 NPs with different elements such as Ag
[31], and Co [32] in order to enhance antibacterial and
photocatalytic activity properties, involving improved
activities of surface plasmonics, reactive oxygen species
and photosensitivity. Chromium (Cr)-doped alumina
(Al,05:Cr) NPs have also been synthesized using combus-
tion and solid-state methods, and their electrical, optical and
structural properties have been investigated [33, 34]. To the
best of our knowledge, however, no attention has so far
been paid to the antibacterial activity of Al,O5:Cr NPs.

In this paper, by combining chemical and sol-gel
methods, extremely small (ultrafine; <10nm) y-Al,O5:Cr
NPs are synthesized at different calcination temperatures.
The resulting NPs are then characterized in terms of crystal
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structure, composition, morphology, and optical absorption.
In order to evaluate the ability of the Al,O5:Cr NPs to
produce reactive oxygen species, the absorption and emis-
sion spectra of two detectors (anthracene and methylene
blue) are investigated. Moreover, the NPs are employed for
studying the decomposition of gram-positive and gram-
negative bacterial biofilms. This study provides evidence on
beneficial employment of y-Al,O3:Cr NPs for antibacterial
properties.

2 Experimental details
2.1 Synthesis of Al,05:Cr NPs

Al,O5:Cr NPs were synthesized using a combination of
chemical and sol-gel methods. In this regard, aluminum
nitrate [AI(NO3)3-9H,0, 99%], oleic acid (CgH340,, 99%),
and chromium nitrate [Cr(NOs3);, 99%] were purchased
from Merck, and used without further purification.

1.875 g of AI(NO3)3-9H,0 was mixed with 1 mole% of
Cr(NOs)3 in 20ml of deionized water, and the resultant
solution was placed on a magnetic stirrer to homogenize it
during 30 min at room temperature (25 °C), thus obtaining
the sol. In the following, 20 ml of oleic acid with a volume
ratio of 1:1 was added to the solution of the mixture, and it
was placed on a magnetic stirrer (1500 rpm) for 2 h at 25 °C.
To evaporate the remaining water, the solution was heated
to the temperature of 250 °C for 4 h, thereby transforming it
into a black gel. Finally, the whole black gel was calcined at
different temperatures (600 °C and 800 °C) for 2 h to form
Al,O5:Cr powder. For better clarity, Fig. 2 shows a diagram
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Fig. 2 The diagram of the synthesis of Al,O3:Cr NPs using a combi-
nation of chemical and sol-gel methods
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of the synthesis of Al,05:Cr NPs using the combination of
chemical and sol-gel methods.

2.2 Characterizations

Crystal structure was investigated using X-ray diffraction
(XRD; model: Philips X’pert Pro MPP with Cu Ka radia-
tion filtered by Ni, and A =0.1540 nm) analysis. In this
regard, the average crystallite size (D) of Al,O3:Cr NPs was
estimated based on the Scherrer formula as given below
[35]:

KA
D =
BCOSO

(1)

where £k is the shape factor (k= 0.9), A is the wavelength of
the incident beam, £ is the full width at half maximum, and
0 is the incident beam angle.

Morphology, composition and particle size of the NPs
were determined by a scanning electron microscope (SEM;
model: TESCAN Mira 3-XMU) equipped with an energy-
dispersive spectrometer (EDS), and a transmission electron
microscope (TEM; model: Zeiss EM900). The dynamic
light scattering (Vasco/Cordouan Technologies/France)
method [36] was also carried out to identify size distribution
of the NPs.

A Fourier transform infrared (FT-IR; model:
Magna-IR550) spectrometer was used to investigate the
presence of functional groups. The FT-IR samples were
prepared using the KBr pellet technique. An
ultraviolet—visible (UV-Vis; UVS-2500, Phystech) spectro-
meter was used in the range of 200—800 nm in order to
investigate optical properties at room temperature. In this
case, anthracene and methylene blue were employed as
detectors due to their high availability and low price.

2.3 Antibacterial activity and biofilm formation tests

Antibacterial activity of y-Al,O3:Cr nanoparticles was tes-
ted by measuring minimum inhibitory concentration (MIC),
and minimum bacterial concentration (MBC) using a micro-
well dilution method for two microorganisms (P.aeruginosa
and S.aureus). To determine MIC of the growth of the
microorganisms, sterilized 96-well microplates were initi-
ally prepared. 96 pL. of culture medium, 5 uL. of bacterial
suspension with a concentration of 0.5 McFarland, and
100 uL of different concentrations of Al,O5;:Cr NPs were
then added to each plate.

Afterwards, the plate was heated in an incubator at 37 °C
for 24 h. The micro dilution method was carried out in the
highest concentration of the NPs, ranging from 1000 pg/ml
to less than 15.63 pg/ml, and each concentration was half of
the previous one. To determine the MBC after 24h of
heating, 5uL of each microplate well (without bacterial

growth) was incorporated into the nutrient agar medium,
and exposed to heat at 37 °C for 24 h.

The evaluation of the ability of the microorganisms
(bacteria) to form a biofilm was also carried out by 96-well
microplates. To this end, the bacteria used in the tryptic soy
broth (TSB) culture medium were kept at 37 °C for 24 h. In
each row (comprising 12 wells) of the microplate, 8 wells
were dedicated to each bacterium, and the remaining 4 wells
were dedicated to the negative control containing 200 uL of
pure TSB without bacterium. 100 uL of the diluted sus-
pension of 6 bacteria with a concentration of 10 ml/CFU
together with 100 uL of the TSB culture medium was
poured into each well. In continuance, the microplate was
placed at a temperature of 37 °C for 24 h. The microplates
were then reversed to empty the wells from the existing
culture medium. Afterwards, the wells were rinsed three
times with sterilized phosphate buffer to eliminate the
bacteria that had not formed a biofilm. To dry the micro-
plates, they were left upside-down at room temperature for
1 h. Next, 200 uL of 2 wt.% crystal violet solution was
added to each well, and the microplate was place at 37 °C
for 15 min. The dye in the wells was then removed, and the
microplates were dried at room temperature after rinsing
them with sterilized phosphate buffer. To extract the dye
bonded to the bacteria forming biofilms, 200 uL of 30 wt.%
acetic acid was added to each well. Using a microplate
reader, the optical absorption of the resulting solution was
measured at 595 nm, while also evaluating the ability of the
bacteria to form a biofilm, according to the method
explained above.

Basically, biofilms are complex matrices of micro-
organisms attached to surfaces [37]. In this study, two
microorganisms were employed: the S.aureus microorgan-
ism as a gram-positive bacterium whose cell division takes
place in more than one direction, and the P.aeruginosa as a
gram-negative bacterium with a polar mobile flagellum
leading to nosocomial infections in weakened immune
system [38]. The source for the growth of these micro-
organisms is the nose hole [39].

The intrinsic resistivity against antibiotics and detergent
materials is the most important factors that can cause these
bacteria to be infectious. Therefore, new methods for con-
trolling biofilms have recently been developed based on the
synthesis of NPs with different sizes and morphologies. In
other words, the small size and the high surface area of NPs
lead to enhanced evolution of chemical, biological and
antimicrobial properties. Furthermore, the solubility and
high mobility of NPs enable them to enter into the cell
membrane of the human body easily [36, 40].

In general, since bacteria cells have many acidic struc-
tures, their biological pH is measured to be negative,
leading to the negative charge of cell walls when they are
separated from each other [41]. Metal oxide NPs can be
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Fig. 3 a XRD patterns of Al,05:Cr NPs calcined at 600 and 800 °C. b EDS spectrum of Al,05:Cr NPs calcined at 800 °C

attached to the bacteria membranes thorough electrostatic
reactions, thereby making the plasma membrane potential
unstable, while also Kkilling the bacteria [42]. This
mechanism of the antibacterial activity of metal oxide NPs
is based on the release of ions, and the production
of inner cell reactive oxygen species. Here, the decom-
position of microbial biofilms was investigated for five
different concentrations: 1 MIC, § MIC, 1 MIC, { MIC,
and 0 MIC.

3 Results and discussion
3.1 Structure, composition, and morphology

Figure 3a shows XRD patterns of Al,O5:Cr NPs calcined at
600 °C and 800 °C. The former indicates that the NPs cal-
cined at 600 °C are amorphous without any sharp diffrac-
tion peak. Increasing the calcination temperature to 800 °C
leads to the emergence of a crystalline phase. Accordingly,
the XRD peaks observed at 26° = 36.2°, 41.4°, 62.3°, and
67.8° are assigned to Al,O5(110), Al,O5(111), Al,03(210),
and Al,O3(211) planes (JCPDS card no. 00-001-1303),
respectively, indicating the formation of the y-Al,O3 phase
with a cubic structure. The corresponding lattice parameter
of the (211) plane is also found to be a =2.89 A. Moreover,
the average crystallite size is obtained to be about 10 nm,
and no secondary phase is observed in the XRD pattern.
The absence of peaks related to the element Cr is probably
due its extremely low content in the alumina compound. On
the other hand, Fig. 3b shows the EDS spectrum of the y-
Al,O3:Cr NPs calcined at 800 °C. The presence of the ele-
ments Al, O and Cr with respective atomic percentages of
64.5, 35, and 0.5% is confirmed. The actual concentration
of the Cr dopant is found to be ~1%, which is in accordance
with the stoichiometric amount.

@ Springer

Figure 4a shows a top-view SEM image of y-Al,O5:Cr
NPs calcined at 800°C. The NPs are observed to be
attached together, forming a relatively continuous and uni-
form film on the surface. It appears that the use of the oleic
acid in the chemical synthesis method can act as a surfac-
tant, giving rise to the formation of small-size and uniform
Al,O5:Cr NPs. To investigate the size distribution of the
calcined NPs in detail, TEM analysis was employed.

Figure 4b shows a TEM image of the NPs calcined at
800 °C, together with the corresponding size distribution
histogram [the inset of Fig. 4b]. As can be seen, the NPs are
ultrafine, so that the size of spherical-like NPs is found to
range from 4 to 8 nm. The average diameter of the y-Al,Oj:
Cr NPs is about 6 nm. The formation of ultrafine NPs was
further confirmed by the dynamic light scattering method,
according to Fig. 4c. Accordingly, one can find that no
considerable NP aggregation occurs in the solution.

3.2 FT-IR spectra

In the FT-IR spectroscopy, the radiation of infrared to the
NP sample would lead to a change in the energy of bond
vibrations, and the absorption amount is identified in terms
of the wavenumber for chemical bonds. The wavenumber
interval from 400 to 1500 cm™! is known as the fingerprint
region, revealing the occurrence of unique molecular
vibrations in the NP sample [43]. Here, FT-IR spectra of the
Al,O5:Cr NPs calcined at 600 and 800 °C were investigated
in the wavenumber interval of 400—4000cm™", and the
result are shown in Fig. 5. At the calcination temperature of
600 °C, the bands at the wavenumbers of 630, 1646, and
3448 cm™! are assigned to Al-O, H,O and O-H bonds,
respectively [43]. Similarly, the bands at the wavenumbers
of 557, 1644, and 3459 cm™! are attributed to Al-O, H,O
and O-H bonds for the Al,O3:Cr NPs calcined at 800 °C,
respectively [43]. Therefore, the calcination temperature has
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Fig. 5 FT-IR spectra of Al,O;3:Cr NPs calcined at 600 and 800 °C

no considerable effect on the FT-IR spectra. Note that the shift
in the peak from 630 to 557 cm™' may occur due the forma-
tion of the y-Al,O5 crystalline phase at 800 °C, as evidenced
from the corresponding XRD pattern [see Fig. 3a].

3.3 Optical properties

UV-Vis spectroscopy enables us to measure the absorption
wavelength based the interaction of the light with the NP
samples. Figure 6 shows the UV-Vis spectrum of the y-
Al,O5:Cr NPs calcined at 800 °C.

Evidently, the resulting NPs show strong absorption
peaks at the wavelengths of 210, 275 and 379 nm, likely
arising from the intrinsic defects in the NPs, and the pre-
sence of the Cr additive [34, 44]. The corresponding optical
band gap of NPs was calculated based on the Tauc method,
and the result is shown in the inset of Fig. 6. In the Tauc
method, it is assumed the absorption coefficient (o) is
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Fig. 6 The UV-Vis spectrum of y-Al,O3:Cr NPs calcined at 800 °C.
The inset shows the corresponding optical band gap calculation

dependent on the band gap energy (E,) as follows [45]:
(a-w)""= B(hw — E,) (2)

where h, v, and B are the Planck constant, photon fre-
quency, and a constant. The parameter y was selected to be 1/2
for the direct band gap. It is found that the y-Al,O5:Cr NPs
have a direct E, of 3.07¢€V, being smaller than that of pure
AlL,O3 NPs. This can be attributed to the ultrafine size of the
Cr-doped Al,O; NPs, according to the TEM and dynamic
light scattering results [see Fig. 4b and c]. Compared to the
bulk state of ALO3 with E, ~ 9 eV, the presence of defects in
the band gap region can be responsible for the significantly
smaller E, of the Cr-doped NPs [46].

In order to specify the singlet oxygen, and indirectly
measure the cell toxicity produced by the NPs, anthracene
with the molecular formula of C;4H;, was used, which can
be transformed into anthraquinone during the oxidation
process in the liquid or gas phase [47, 48].
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By using the anthracene (acting as a fluorescent mate-
rial), it is indirectly possible to evidence the production of
singlet oxygen. In other words, the more singlet oxygen is
produced, the more anthracene amount will be transformed
into anthraquinone, which in turn reduces the absorption
intensity of anthracene. A UV light beam was used to excite
the NPs, and induce the oxidation process in the anthracene.
The UV absorption spectra of anthracene solution with and
without y-Al,03:Cr NPs were also used to investigate the
detection amount of the singlet oxygen produced.

Figure 7a shows UV-Vis spectra obtained from anthra-
cene solution without the NPs before and after irradiation
for 1 h. In this case, no considerable difference is observed
before and after the irradiation, indicating the incapability of
the anthracene solution to produce singlet oxygen. Inter-
estingly, the anthracene solution comprising y-Al,O5:Cr
NPs shows enhanced emission intensity due to the
decomposition of anthracene, and the anthraquinone pro-
duction, according to Fig. 7a. In fact, the NPs play an
important role in the anthracene decomposition, leading to
an increase in active sites on their surface, while
also producing singlet oxygen. To provide better evidence,
UV-Vis spectrum obtained from anthracene solution with
pure Al,O3; NPs is also shown in Fig. 7a, revealing their
lower emission intensity compared to the Cr-doped Al,O3
NPs.

On the other hand, in order to identify hydroxyl free
radicals, and indirectly measure the cell toxicity produced
by the NPs, methylene blue with the molecular formula of
C6H3N3SCI was used. Methylene blue is highly soluble in
water (H,O), and shows good optical stability against the
UV light. It is decomposed during the oxidation reaction in
the presence of hydroxyl free radicals, thereby being
transformed into H,O and carbon dioxide (CO,) [49, 50].
Since the emission spectrum of methylene blue is in the
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range of the visible light, it is easy to observe a decrease in
the emission or absorption intensity when fading its color.

A UV light beam was used to investigate the detection
amount of hydroxyl free radical in methylene blue solution
without and with y-Al,O3:Cr NPs, and the results are shown
in Fig. 7b. As inferred, while irradiation of 1h to the
methylene blue solution without the NPs can slightly
influence its absorption, the addition of Cr-doped Al,O;
NPs significantly reduces the absorption intensity. In turn,
this indicates the production of free radicals due to the
methylene blue decomposition. For better evidence, Fig. 7b
shows UV-Vis spectrum of methylene blue solution with
pure Al,O5; NPs, indicating their higher absorption intensity
compared to the Cr-doped Al,O; NPs. Overall, the
enhanced production of singlet oxygen and free radicals
may be indicative of the potential applicability of the y-
Al,O5:Cr NPs for antibacterial activity, which is discussed
in the next Section

3.4 Antimicrobial activity

The y-Al,05:Cr NPs synthesized by the combination of
chemical and sol-gel methods were tested against two
microorganisms as described in the experimental details,
and the results of MIC and MBC are tabulated in Table 1.
Notably, the respective minimum—maximum MIC and
MBC of the P.aeruginosa microorganism are found to be
13.00—13.10 and 26.00—26.50 mg/mL, indicating good
antibacterial activity. To better understand the effect of the
Cr doping on the antibacterial activity, pure y-Al,O3 NPs
were also tested against the S.aureus and P.aeruginosa
microorganisms, and the results of MIC and MBC are
tabulated in Table 2. As can be seen, significantly higher
MIC and MBC concentrations of the Al;O3 NPs are needed
to inhibit the growth of the bacteria compared to those of
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Table 1 MIC and MBC for standard stains of S.aureus ATCC 43300, and P.aeruginosa PAO1 by using y-Al,05:Cr NPs
Microorganism NPs: y-AlLO3: Cr
MIC MBC
Minimum—Maximum (mg/mL) Mean = SD Minimum—Maximum (mg/mL) Mean + SD
S.aureus ATCC 43300 13.00—13.10 13.03 £0.057 26.00 26.00
P.aeruginosa PAO1 13.00—-13.10 13.50+0.050 26.00—26.50 26.15+0.26
SD standard deviation
Table 2 MIC and MBC for . - A
standard stains of S.aureus Microorganism NPs: y-AlOs
ATCC 43300, and P.aeruginosa MIC MBC
PAOI by using pure y-
ALO; NPs Minimum—Maximum  Mean+SD  Minimum—Maximum  Mean + SD
’ (mg/mL) (mg/mL)
S.aureus ATCC 43300 237.5-262.5 250+ 12.5 1000.00—1050.00 950.00 = 50.00
P.aeruginosa PAO1 14.84—16.4 15.63+0.78 1000.00—1050.00 950.00 = 50.00
SD standard deviation
antibacterial response of the TiO,:Cr NPs against Escher-
70 o ichia coli DH5a strain under darkness and visible light,
;\? 60 60 demonstrating that the Cr-doped NPs with slight toxicity
= 50 show perceptible antibacterial performance under the irra-
:E 38 37 diation of visible light [51]. Thus, the TiO,:Cr NPs need
-E 40 visible light to show antibacterial activity, whereas the good
£ 30 antibacterial performance of the y-Al,O3:Cr NPs in the
g 20 present study was obtained without the illuminated condi-
2 10 10 ¢ tions. Elsewhere, antibacterial activity of chromium oxide
= 00 00 (Cr,03) NPs against gram-negative and gram-positive bac-
0 1 MIC 1/2 MIC 1/4 MIC 1/8 MIC No NPs tel‘ia, inC]uding E.Coli, B.Sps and S.aureus has been Studied,

Concentration of AL,O;:Cr NPs (mg/mL)

43300 = PAO1

Fig. 8 Biofilm inhibition of Al,05:Cr NPs with different concentra-
tions against standard stains of S.aureus ATCC 43300, and P.
aeruginosa PAO1

Cr-doped Al,O5 ones. Therefore, y-Al,O5:Cr NPs outper-
form the pure y-Al,O5; NPs in terms of antibacterial activity.

Alternatively, Fig. 8 shows the biofilm inhibition of
Al,O3:Cr NPs with different concentrations against standard
stains of S.aureus ATCC 43300, and P.aeruginosa PAOI.
Increasing the NP concentration beyond é MIC starts to
decompose the biofilms, reaching respective inhibitions of
10% and 8% against S.aureus and P.aeruginosa micro-
organisms at % MIC. This arises due to the enhanced pro-
duction of reactive oxygen species when increasing the
concentration of NPs. The highest inhibitions are achieved
to be 60% and 61% using a concentration of 1 MIC against
the aforementioned microorganisms, according to Fig. 8.
Gomez-Polo et al. [51] have recently investigated the effect
of Cr doping on antibacterial activity of TiO, NPs synthe-
sized using a sol-gel method. They examined the

resulting in maximum inhibition of 15 mm [52]. Moreover,
using an electrodeposition process, Ag NPs have been
coated with Cr, followed by evaluating their antibacterial
activity against gram-positive S.aureus and gram-negative
E.coli bacteria [53]. In this case, the composite coatings of
Cr/Ag NPs inhibited the growth of S.aureus and E.coli
bacteria up to 99.92 and 99.98%, respectively. Overall, one
can conclude that Cr can be used as an effective dopant or
coating material in inhibiting the growth of various gram-
negative and gram-positive bacteria, thus potentially con-
stituting promising commercialized nanodrug candidates in
a foreseeable future.

4 Conclusions

In conclusion, Al,03:Cr NPs were synthesized by com-
bining the chemical (using oleic acid) and sol-gel methods,
and subsequently calcined at 600 and 800 °C. The XRD and
EDS analyses evidenced the formation of the y-Al,O3 phase
in the NPs with an average crystallite size of 10 nm doped
with the element Cr with a content of about 1% and calcined
at 800 °C. The SEM and TEM investigations revealed the
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formation of relatively uniform and ultrafine spherical-like
NPs with sizes ranging from 4 to 8 nm. On the other hand,
the FT-IR and UV-Vis investigations showed the formation
of Al-O bonds for y-Al,05:Cr NPs with a band gap energy
of 3.07eV. Moreover, UV—Vis spectra obtained from
anthracene and methylene blue solutions containing the NPs
showed a significant decrease in the emission intensity,
indicating the enhanced production of single oxygen and
hydroxyl free radicals after irradiation for 1h. By investi-
gating antibacterial performance, the Cr-doped Al,O3; NPs
resulted in good antibacterial activity by showing high
minimum-maximum MIC and MBC (e.g., 13.00—13.10 and
26.00—26.50 against P.aeruginosa). Increasing the NP
concentration beyond % MIC continuously enhanced the
biofilm decomposition, resulting in high inhibition (e.g.,
60% against S.aureus) at 1 MIC.
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