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Abstract: Titania nanoparticle/CdSe quantum dot hybrid structures are a promising bactericidal
coating that exhibits a pronounced effect against light-sensitive bacteria. Here, we report the results
of a comprehensive study of the photophysical properties and bactericidal functionality of these
hybrid structures on various bacterial strains. We found that our structures provide the efficient
generation of superoxide anions under the action of visible light due to electron transfer from QDs
to titania nanoparticles with ~60% efficiency. We also tested the antibacterial activity of hybrid
structures on five strains of bacteria. The formed structures combined with visible light irradiation
effectively inhibit the growth of Escherichia coli, Bacillus subtilis, and Mycobacterium smegmatis bacteria,
the last of which is a photosensitive causative agent model of tuberculosis.

Keywords: hybrid nanostructures; quantum dots; photo-induced electron transfer; reactive oxygen
species; antibacterial activity

1. Introduction

Bacterial infections, despite the high level of development of modern medicine, remain
among the most dangerous socially significant diseases in the current era [1], threatening
human health, food security, and the development of society in general. The inappropri-
ate use of antibiotics has become one of the reasons for the manifestation of antibiotic
resistance in bacteria [2,3]. Many new bacterial strains have been found to be resistant to
one or several types of antibiotics every year [4]. That is why in 2017, the World Health
Organization (WHO) announced the need to develop new bactericidal systems to combat
the growing threat of antimicrobial resistance [5]. In particular, in this statement, the
importance of funding the treatment of tuberculosis was noted since multiple strains of
tuberculosis pathogens that are resistant to antibiotics, according to WHO statistics, are
registered in more than 100 countries around the world. The current situation of the
COVID-19 pandemic and the risk of respiratory infections has increased manifold, also
indicating the need for new approaches for the treatment of not only bacterial but also
viral infections, including respiratory infections, which can significantly complicate the
course of coronavirus infection. These facts determine the urgent need to search for new
approaches and alternative systems for effective therapy for bacterial infections.

Many pathogenic bacteria can spread with airborne droplets or can settle on various
surfaces. This increases the risk of infection through touching objects, walls, and furniture,
followed by touching mucous membranes. The creation of bactericidal self-cleaning
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coatings can solve this problem and can significantly reduce the risk of infection in places
where a large number of potential carriers of infection accumulate. Such coatings that are
capable of preventing the accumulation of pathogenic bacteria have long been included
in the sphere of interest of modern biomedicine [6–8]. In the last decade, nanostructured
materials have become the focus of attention of researchers who are involved in the
development of bactericidal systems that can solve the problem of bacterial resistance
to antibiotics [9,10]. It is well known that some nanoparticles are capable of generating
reactive oxygen species (ROS) when they are in an excited state when interacting with the
surrounding oxygen compounds [11,12], i.e., singlet oxygen [13], superoxide [14], hydroxyl
radical [15], peroxide [16], etc. It is well known that ROS are permanently generated as
products of normal cellular oxygen metabolism in the mitochondria of living cells and
serve as the mediators of intracellular reactions [17,18]. At the same time, an increase
in the ROS concentration typically leads to so-called oxidative stress [19,20], resulting in
the DNA fragmentation of the cell wall and the penetration of ROS into the cell, causing
further damage to the cell organelles, resulting in cell death. This bactericidal mechanism
is the basis for the functioning of a large number of bactericidal systems that are based on
various nanoparticles [21,22]. Metal oxide nanoparticles (TiO2, ZnO, CuO, Ag2O, etc.) that
are capable of efficient generation of various ROS [23] are of particular interest. Titania
(TiO2) and ZnO are the undisputed leaders among metal oxide particles for the treatment
of bacterial infections [24–28].

A significant disadvantage of ZnO and TiO2 is their wide bandgap (3.2 eV for anatase
TiO2 and 3.3 eV for ZnO) [29]. Therefore, UV radiation (<380 nm) is needed to bring a
nanoparticle to an excited state, while UV itself manifests sterilizing properties and is
unsafe for the human body [30]. This explains the need for a solution to expand the spectral
activity range of particles. One of the approaches to solving this problem is to combine NPs
with a semiconductor that has a narrower bandgap, such as A2B6, with specific examples
being cadmium selenide and quantum dots [31]. Due to the mutual arrangement of the
conduction bands of QDs with titania NPs, effective photo-induced electron transfer (ET)
from QDs to NPs can be realized in hybrid nanostructures that comprise them [32–34]. Thus,
titania NP/QD hybrid structures combine the optical properties of QDs with the ability of
NPs to efficiently generate ROS, resulting in bactericidal activity under visible radiation.

The concept of the sensitization of titania nanoparticle film is attractive since the
material is readily available and known for its antimicrobial action; however, it requires
additional activation in order to be efficient under visible light. Employing CdSe QDs
for activation seems to be an elegant way to create new types of materials. The unique
properties of such hybrid structures have led to numerous studies focusing on the bacte-
ricidal activity of structures with an original architecture [35–38]. A few of these studies
are devoted to the mechanism of bactericidal activity; in the rest, practical applications for
inhibiting bacterial growth are investigated. In addition, there is a lack of work exploring
the simplest double structures that could become the optimal model object for research.
Unfortunately, the effectiveness of the bactericidal structures that have been developed by
different groups can hardly be compared because of a lack of data on their photophysical
properties, particularly data regarding the charge transfer efficiency. Moreover, there have
been no systematic studies on the bactericidal effects of hybrid structures on a wide range
of Gram-positive and Gram-negative bacterial cells with different cell wall thicknesses. In
the overwhelming majority of studies, the object for research is Escherichia coli [39]. Despite
a large number of relevant publications, it currently remains unclear as to whether titania
NP/QD hybrid structures can find real-life applications as bactericidal coatings. Obviously,
in order to answer this question, the photophysical properties of titania NP/QD hybrid
structures and their impact on various bacterial cells need to be examined in detail.

Therefore, we present the results that we obtained during the preparation of titania
NP/CdSe QD hybrid structures and during the study of their luminescent properties in
order to determine an estimation of the ET efficiency in the structures. Then, we discuss
the ROS generation efficiency of those structures using a chemical sensor and present our
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original approach for the evaluation of ET efficiency from the acceptor side, i.e., using the
ROS generated by the titania NPs in the structures. Next, we discuss the results that were
obtained and examine the impact of our structures on five bacterial strains, i.e., Escherichia
coli, Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa, and Mycobacterium
smegmatis. Finally, we demonstrate the synergetic effect of our structures with visible light
on Mycobacterium smegmatis, which is a model of tuberculosis bacteria [40].

2. Materials and Methods
2.1. Synthesis of Titania NPs and CdSe QDs

Cadmium oxide (Sigma Aldrich, St. Louis, MO, USA), selenium powder (Sigma
Aldrich, St. Louis, MO, USA), 2-ethylhexanoic acid (Sigma Aldrich, St. Louis, MO, USA),
octadacene (Sigma Aldrich, St. Louis MO USA), oleylamine (Sigma Aldrich, St. Louis, MO,
USA), and hexadecylphosphonic acid (Sigma Aldrich, St. Louis, MO, USA), trioctylphos-
phine (Fluka, Gothenburg, Sweden) were used for the synthesis of colloidal CdSe QDs [41].
For a uniform distribution of QDs during the formation of the hybrid structures, the sta-
bilizer on the QD surface was replaced by oleic acid molecules. For this, an excess of
oleic acid (10% of QDs solution volume) was added to the QD solution, and the resulting
mixture was left for 48 h at room temperature, after which the excess stabilizer molecules
were removed from the sample. See Figure S1 in the Supplementary Materials for their
absorbance and luminescence spectra. To synthesize the TiO2 nanoparticles, titanium (IV)
chloride (Sigma Aldrich, St. Louis, MO, USA), benzyl alcohol (Sigma Aldrich, St. Louis,
MOm USA), and oleic acid (Fluka, Gothenburg, Sweden) were used [42]. Hexane (Vekton,
Saint-Petersburg, Russia) and isopropyl alcohol (Lenreaktiv, Saint-Petersburg Russia) were
used to remove the excess stabilizer molecules from the QDs and from the surface of the
titania NPs.

2.2. Formation of Titania NP/CdSe QD Multilayered Hybrid Structures

We formed our multilayered hybrid structures using the modified Langmuir–Blodgett
technique [43]. Briefly, colloidal solutions of titania nanoparticles and CdSe QDs in toluene
were dropped onto the water surface, and titania NP or CdSe QD layers were formed on
the water–air interface due to toluene evaporation; then, the layers were transferred to
the dielectric substrates (See Section S2 and Figure S2 of the Supplementary Materials for
details). Hybrid structures containing ten double layers, each of which comprised a mono-
layer of CdSe QDs and a monolayer of titania NPs, were formed. See the Supplementary
Materials for a detailed characterization of the samples (Section S3: Figures S3–S6). This a
hybrid structure architecture was optimal to obtain a correct assessment of the antibacterial
activity. A pronounced antibacterial effect was observed within a short period of time,
during which other factors could not affect the survival of the tested bacteria.

2.3. Study of ROS Generation by the Hybrid Structures

ROS generation was investigated using a selective chemical sensor, p-Nitrosodimethyla
niline (RNO). During its interaction with ROS, the optical density in the 440 nm absorp-
tion band of the sensor decreased due to the one-electron oxidation of its chromophore
group [44]. Multilayered hybrid structures were formed on the walls of a dismountable
spectroscopic cell (See Figure S7 of the Supplementary Materials), which was filled up
with the sensor solution (~10−5 M) to study the ROS generation. A mercury lamp (365 nm,
2 mW) and a 465 nm LED (6 mW) were used as sources of external radiation. The UV-3600
Probe spectrophotometer (Shimadzu, Kyoto, Japan) was used for to measure the absorption
spectra of the RNO sensor the during external radiation experiments.

2.4. Experiments with Bacteria

Modified agar Gause medium #2, which comprises 1% glucose, 0.5% peptone, 0.3%
tryptone, 0.5% NaCl, 2% agar, and tap water with pH 7.2–7.4, was used to store and
maintain all of the microorganisms. The same medium without agar was used to cultivate
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any submerged bacteria. Bacteria were introduced into the liquid medium in the amount of
105 and 2.8 × 107 colony forming units (CFU/mL). The 25 × 10 mm microscope slides with
the titania NP/CdSe QD hybrid structures were sterilized by autoclaving in a 0.5 excess
atmosphere mode for 30 min. The effect of autoclaving on the luminescence properties and
ROS generation efficiency by hybrid structures is discussed in detail in Section S5 of the
Supplementary Materials (Figures S8 and S9). Sterile microscope slides were transferred
to 35 mm plastic Petri dishes (Eppendorf, Hamburg, Germany). An amount of 75 µL of
the bacterial suspensions was applied to microscope slides and to the bottom of an empty
Petri dish (reference) (Figure S10 of the Supplementary Materials). Treated Petri dishes
were paired together (experiment and the reference) and were placed under a separate
LED with a radiation wavelength of 465 nm at a distance of 7 cm from the sample, where is
the light power was 3 mW (incident radiation dose = power × exposure time) (Figure S11
of the the Supplementary Materials). Several diodes were used in the experiments, the
power of which was the same and constant in time (during these experiments, this was
monitored using the PM100USB Power sensor, Thorlabs, Newton, NJ, USA). In the case
of daylight, the light intensity was 150 lx (ATE-1509, Aktakom, Moscow, Russia), and the
total radiation dose was an order of magnitude lower than that of LED irradiation. The
scheme of the experiment is shown in Figure 1.
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Figure 1. Sketch representation of experiment with bacteria.

The exposure time was varied from 2 to 7 h in different experiments. During the
experiment, the possible temperature changes that were caused due to the irradiation of
the samples were monitored; during prolonged irradiation, the temperature increased by
no more than 0.5 ◦C. After 7 h, no visible changes in the droplet volume of the bacteria
suspension were observed (control over the drop area). After irradiation, 10 µL from
each drop was plated onto an agar medium in Petri dishes with a diameter of 90 mm
without preliminary dilution as well as with dilutions that were greater by 2 and 4 orders
of magnitude. The dishes were placed in a MIR-H263-PE thermostat (Sanyo Electric Co.,
Osaka, Japan) with a temperature of 37 ◦C. Bacterial colony growth was analyzed every
second day for all of the bacteria types except Mycobacterium smegmatis, whose growth was
assessed after 4–5 days. The antibacterial activity of the structures was calculated relative
to the corresponding control, which was taken as 100% bacterial survival. Table 1 provides
basic information on the bacterial strains that were used in the experiment.
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Table 1. Bacteria strains.

Bacteria * Type

Escherichia coli ATCC 25922 Gram-negative

Pseudomonas aeruginosa ATCC 27853 Gram-negative

Staphylococcus aureus FDA 209P Gram-positive

Bacillus subtilis ATCC 6633 Gram-positive

Mycobacterium smegmatis mc2 155 Gram-positive
* The cell and CFU titers of Bacillus subtilis and Pseudomonas aeruginosa are equal. For the other three bacteria
strains, the growth point corresponds not to a single colony, but to a group of cells.

A hydrophobic coating that contained none of the components of the hybrid structures
was used as a reference. All of the bacterial strains were grown in the medium and were
placed on a hydrophobic surface, i.e., the bottom of the Petri dishes, and were used in
dark, daylight, and 465 nm LED radiation experiments as reference samples. All of the
experiments were conducted at room temperature.

3. Results and Discussions

The formation of hybrid structures based on CdSe QD will expand the spectral range
of titanium dioxide activity [45]. It is considered that cadmium-containing QDs are quite
toxic [46,47]. In this situation, it should be noted that the toxicity only manifests itself
when the QDs are destroyed and when the Cd ions interact with organism directly [48]. In
addition, the developed coatings would not be injected into the body. These factors make it
possible to remove the question of the QD toxicity during the formation of hybrid structures,
and the experimental results of the work also demonstrate the absence of toxicity.

Titania NP/CdSe QD hybrid structures should efficiently generate ROS under visible
radiation within the QD absorption range because of efficient the ET that results from the
QDs to the titania nanoparticles [32]. The ET is an additional electronic excitation relaxation
channel in the QDs in the hybrid structures that competes with their photoluminescence.
Therefore, efficient ET from the QD conduction band should lead to a significant quenching
of the QD luminescence and, at the same time, increase the efficiency of ROS generation by
the titania NPs. Recently, it has been demonstrated that small-sized CdSe QDs, i.e., 2.5 nm
diameter core, are better electron donors for titania NPs than larger ones [49]. It has been
also shown that the ZnS shell [50] in core/shell CdSe/ZnS QDs acts as an energy barrier
for electron transfer, thus impairing the functionality of hybrid structures. Recently, we
have demonstrated [51] (see also the Supplementary Materials, Section S7: Figure S12 and
Table S1) that 2.5 nm CdSe QDs are the best ET donors for titania NPs-based nanostructures.

3.1. Photophysical Properties of Multilayered Titania NP/CdSe QD Hybrid Structures

Multilayered titania NP/CdSe QD hybrid structures are alternating layers of spherical
titania nanoparticles and CdSe QDs (see Section 2 for details). We have found that the
deposition of a layer of titania nanoparticles does not significantly affect the morphology
of the QDs in the structures. At the same time, the decrease in the QD photoluminescence
intensity upon the deposition of a layer of titania nanoparticles is clearly observed in
Figure 2.
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layer (1) and Titania NP/QD hybrid structures (2).

As seen in the PL images (Figure 2a), the deposition of titania nanoparticles leads to a
significant quenching of the QD luminescence compared to the QD layers (Figure 2a Insert).
The formation of titania NP/CdSe QD hybrid structures should be accompanied by the
efficient quenching of QDs luminescence due to the photo-induced electron transfer from
the QDs to the titania NPs [32–34]. It is possible to estimate the electron transfer efficiency
based on the assumption that it is the only channel where PL quenching is observed. The
estimates were conducted on the basis of QD PL kinetics according to method that we
developed in an earlier study [52]. Our calculations showed that the formation of hybrid
structures is accompanied QD luminescence of up to 80% (see Section S8, Figure S13 and
Table S2 in the Supplementary Materials for details).

Obviously, any effective bactericidal system has to generate ROS under external
radiation and within a broad spectral range, including visible light, which is safe for the
human body. The ROS concentration that generated by any bactericidal system and that
is based on titania NPs or other metal oxide NPs is univocally related to the number of
electrons in the metal oxide conduction band [53]:

NROS = Ne × EROS (1)

where Ne is the number of electrons in the conduction band of the titania nanoparticles as a
result of UV radiation absorption; EROS is the ROS generation efficiency by the titania NPs.

The efficiency of ROS generation by the hybrid structures can be evaluated by de-
termining the photobleaching of the chemical sensor p-nitrosodimethylaniline (RNO) at
the wavelength of 440 nm [44] (see Section 2 for the details). It should be noted that EPR
and ESR are often used to study the efficiency of ROS generation [54,55]. However, these
methods are also based on the chemical conversion of substances and are not characterized
by greater reliability compared to more widely used chemical sensors. The change in the
optical density of the sensor is proportional to the concentration of the generated ROS:

CROS ∼ ∆DRNO (2)

The number of electrons generated in a titania nanoparticle per unit time at direct UV
radiation absorption can be estimated as:

Ndirect
e = (1 − TTiO2

λ )× Wdirect
λ (3)
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where (1− TTiO2
λ ) is the portion of external radiation that is absorbed by the titania nanopar-

ticles that is proportional to their extinction coefficient (ε), and Wdirect
λ is the number of

photons with energy hc/λ incident on a nanoparticle layer per unit time.
The sensor bleaching that takes place during the course of the exposure of the titania

NP/CdSe QD hybrid structures to visible radiation and the exposure of the titania NPs
to UV light is compared in Figure 3, where the normalized optical density of the sensor
at 440 nm is plotted versus the product of the incident light energy and the extinction
coefficient at the wavelength of irradiation, which was 365 or 465 nm, thus characterizing
the absorbed irradiation dose.
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Figure 3. Comparison of ROS generation by titania NPs under exposure to UV (365 nm) and titania
NP/CdSe QD hybrid structures under exposure to visible light (465 nm): the extent of sensor
bleaching vs. the product of incident energy and the extinction coefficient at the corresponding
wavelength (Wrad × ε(λrad) characterizes the radiation dose absorbed by hybrid structures).

We demonstrated that our structures were able to efficiently generate ROS under
visible light, as seen in Figure 3. Superoxide anion production is the most plausible in
titania NP-based structures [56]. We suggest that the ET resulting from the QDs to the
titania NPs in our structures is one of the reasons for superoxide anion production because
ROS generation by neither of the structure components separately was observed under
465 nm LED irradiation (see Figure S14 of the Supporting Information). This permits
the conclusion that the structure functionality depends on (i) the photocatalytic activity
of titania NPs and (ii) the efficiency of ET from the QDs to the titania NPs. The latter
determines the concentration of ROS under visible radiation:

NROS ∼ Nsens
e = NQDs

e × EET =
(

1 − TQDs
λ

)
× Wsens

λ × EET (4)

where NQDs
e is the number of electrons generated in the QD layer under the influence

of incident radiation; EET is the efficiency of electron transfer from a QD to a titania
nanoparticle; (1 − TQDs

λ ) is the fraction of incident radiation absorbed by the QD layer; and
Wsens

λ is the number of photons with energy hc/λ incident on the QD layer per unit time.
The average ET efficiency was estimated as 55% in our structures when using the

method that we described in our previous publication [57]. Our results clearly demonstrate
(see Section S5 of Supporting for details) that the effectiveness of ROS generation by the hy-
brid structures is very well correlated with the 80% PL quenching that was observed in the
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QDs in the structures. The discrepancy between the ET efficiency that was evaluated from
both the acceptor and donor points, i.e., titania NPs and CdSe QDs, respectively, because
of the so-called “dark” fraction in the CdSe QD ensemble [58], which was characterized by
a high rate of nonradiative decay.

Our hybrid structures exhibit efficient ROS generation under visible light due to the
efficient ET from the CdSe to the titania NPs and can be recommended as a key component
for bactericidal systems and coatings. However, the study of the photophysical properties
of the hybrid structures is only insufficient for the assessment of their potential effectiveness
in the treatment of bacterial infections. Therefore, the next necessary step in creating an
effective therapeutic system is the study of the interaction of the hybrid structures with
various bacterial strains.

3.2. Interaction of Titania NP/CdSe QD Multilayered Hybrid Structures with Bacteria

The bactericidal efficacy of multilayered hybrid structures was studied using five
different bacteria strains, including both Gram-positive and Gram-negative bacteria. The
experiment is detailed in Section 2.4. Table 2 presents that data that were obtained to
determine the viability of the bacteria that were grown on the structures and that were
irradiated with 465 nm LED (the total dose of the incident energy was ~75 J).

Table 2. Viability of five bacterial strains grown on the structures and irradiated with 465 nm LED (75 J of incident energy).

E. coli
ATCC 25922, CFU/mL

P. aeruginosa
ATCC 27853, CFU/mL

S. aureus
FDA 209P, CFU/mL

B. subtilis
ATCC 6633, CFU/mL

M. smegmatis
mc2 155, CFU/mL

Reference samples * 1.2 × 107 ~2.4 × 109 ~6 × 106 3.5 × 107 5.8 × 106

Titania NP/CdSe QD
hybrid structures 7 × 106 ~2.4 × 109 ~107 3.8 × 105 ~1.5 × 106

Decrease in the bacteria
number by a factor ~1.5 1 1 ~90 ~4

* for a description of reference samples, see Methods.

The Titania NP/CdSe QD hybrid structures demonstrated high bactericidal activity
in three out of the five bacteria strains that were studied, namely E. coli ATCC 25922, B.
subtilis ATCC 6633, and M. smegmatis mc2 155, as seen in Table 2. It is well known that
superoxide anions, similar to other anions, are unable to penetrate the cell [59]. Therefore,
we suppose that the observed bactericidal effect is due to the destruction of the bacterial
cell wall or another structural difference as well as other electrochemical interactions at
the cell wall level [60]. Gram-positive and Gram-negative bacteria differ in the composi-
tion of the cell wall [61]. Gram-positive bacteria are characterized by a greater cell wall
thickness [62]: in Gram-negative bacteria, it is about 10 nm vs. 20–50 nm in Gram-positive
bacteria. According to numerous studies, Gram-positive bacteria are less susceptible to
bactericidal systems [60]. This fact makes it possible to assume that Gram-positive bacteria
should demonstrate lower bactericidal activity in the titania NP/CdSe QD structures. Our
structures showed maximum bactericidal activity against Gram-positive B. subtilis ATCC
6633 (99.9%). At the same time, our results suggest that E. coli, which is used as a standard
in the study of bactericidal activity, only shows a 40% bactericidal effect, which is the least
pronounced positive effect in our study. This fact can be explained by the presence of
the particular superoxide dismutase enzyme that is produced in the E. coli cell wall and
that reduces the effects of oxidative stress [63]. It should be noted that in many studies
determining the bactericidal activity of E. coli, this enzyme is often specifically removed [64].
This enzyme is also present in the envelope of M. smegmatis [65]. The superoxide dismutase
enzyme concentration is the lowest in B. subtilis [66], and it can explain why our structures
show the highest effect against this type of bacteria. Therefore, we can conclude that the
concentration of the superoxide dismutase enzyme in bacteria with thin cell walls may be
a key factor that inhibits the bactericidal effect of our hybrid structures.

The viability of the bacteria when the titania NP/CdSe QD hybrid structures were
under the 465 nm irradiation is presented in Figure 4 in comparison with the reference (see
Section 2 for details).
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We found that the bactericidal activity of our structures is especially pronounced in B.
subtilis bacteria because of low rate of dismutase enzyme production in the cell wall [67]. It
is noteworthy that the B. subtilis bacterium is also characterized by the highest titer increase
in the reference samples (see Figure 4). This confirms that the photo-induced bactericidal
activity of our structures has no relationship with the viability of a particular bacterial
strain under visible light and is solely due to the generation of ROS. Despite these facts, B.
subtilis bacterium is beyond the focus of our interest because it is not pathogenic for the
human body.

We suppose that M. smegmatis mc2 155 is of the greatest interest among the bacteria for
which our structures demonstrate the most pronounced bactericidal effect. This bacterium
is a model object for tuberculosis and is of particular interest for research in the context
of a coronavirus infection pandemic. This bacterium is sensitive to visible light [40]. It
explains the poorest growth of this bacterium under 465 nm LED irradiation, see Figure 5.
Therefore, it is of particular interest to evaluate the impact of the combination of visible
light and our hybrid structures on the M. smegmatis bacterium.
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The strong impact of lighting conditions on M. smegmatis viability in our samples and
in the references is shown in Figure 4.

It was surprising that the M. smegmatis mc2 155 bacteria grew in our samples, i.e., on
the surface of our hybrid structures, more efficiently in the dark and under daylight than
in the reference samples, see Figure 5. We suppose that this peculiar feature is due to a
difference in terms of the hydrophobization of our samples and those from the references.
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The energy of daylight incident on the sample is too low (~150 lx) for any noticeable
superoxide generation by the hybrid structures. The higher dark and daylight viability
of the bacteria that was observed in the hybrid structures strongly confirms the absence
of dark toxicity in the structures due to the chemical composition or the topology of
their surface as well as the surface absorption of the bacterial cells [68]. In addition, this
also confirms the absence of QD toxicity due to the presence of Cd [49]. Figure S15 and
Table S3 of the Supplementary Materials provides additional details and results from these
experiments.

We observed (see Figure 5) that the 465 nm LED irradiation of the reference samples
caused a slight inhibition in the bacteria growth (17% decrease) due to the photosensitivity
of M. smegmatis mc2 155. By contrast, the visible light irradiation of the M. smegmatis mc2

155 bacteria on the surface of our hybrid structures strongly affects their viability, as
evidenced by an 86% decrease compared to the reference samples (see Figure 4).

The fact there is an absence of a bactericidal effect in the hybrid structure in the dark
and under daylight illumination unambiguously indicates that the ROS generation that
resulted from the photo-induced ET from the CdSe QDs to the titania NPs is the main
reason for the synergistic effect of the 465 nm LED irradiation and our materials.

We also found that the bactericidal activity of our hybrid structures only weakly
depends on the number of colony-forming units in the titer of the initial M. smegmatis mc2

155 bacteria suspension, as seen in Figure 6, where the activity is well expressed within a
wide range of the initial titer.
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155 suspension titer.

Our results show a slight decrease in the bactericidal activity of the hybrid structures:
from 85% to 76%, as the number of bacteria in the initial suspension increases by three
orders of magnitude. On average, over the entire titer range, the bactericidal activity of the
titania NP/CdSe QD hybrid structures is about 80%.

4. Conclusions

We have demonstrated that titania NP/CdSe QD hybrid structures can be used as
a base for bactericidal coatings in order to provide efficient protection from airborne
infections such as tuberculosis in public places. This effect can be achieved due to the
combination of visible light and the hybrid structures that were developed here because
of efficient electron transfer from the CdSe QDs to the titania NPs in our structures. We
suggest that the superoxide anions efficiently destroy bacterial cell walls, thus leading to
the death of bacteria with a high concentration of superoxide dismutase.

Our results clearly demonstrate the high potential of the titania NP/CdSe QD hybrid
structures in bactericidal coatings and should exhibit a pronounced effect, even against
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light-sensitive bacteria and respiratory tract pathogens, which is especially important
because of their high resistance to antibiotics and strong interference with SARS-CoV.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11123331/s1, Figure S1: Absorption and photoluminescence spectra of CdSe QDs in
hexane. The PL excitation wavelength is 405 nm, Figure S2: Photos of a home-made bath used to
form hybrid structures by the modified Langmuir-Blodgett method, Figure S3: Scanning electron
microscope image of CdSe QDs with size distribution, Figure S4: Scanning electron microscope
image of TiO2 NPs layers, Figure S5: Scanning electron microscope image of CdSe QDs layer,
Figure S6: AFM image (a) and the height profile (b) of CdSe/TiO2 hybrid structures, Figure S7:
Dismountable cell (a) and the cell window with hybrid structures formed on it (b), Figure S8: PL
decay of Titania NPs/QD hybrid structures. The smooth lines are results of biexponential fitting with
y = A1 exp(− t

τ1
) + A2 exp(− t

τ2
), Figure S9: Normalized optical density in the absorption band of

RNO (DRNO/D0
RNO, where DRNO is optical density of the sensor at 440 nm, D0

RNO is initial optical
density) as a function of the irradiation time for hybrid structures before (1) and after (2) autoclaving.
The lines are guides for the eye, Figure S10: Images of a suspension of M smegmatis inoculated on
multilayer hybrid structures (right) and the bottom of a Petri dish (used as a reference), Figure S11:
Images of a suspension of M smegmatis inoculated on multilayer hybrid structures (right) and the
bottom of a Petri dish (used as a reference), Figure S12: Normalized optical density in the absorption
band of RNO (DRNO/D0

RNO, where DRNO is optical density of the sensor at 440 nm, D0
RNO is

initial optical density) as a function of the absorbed radiation dose characterized by the product of
extinction coefficient and incident doze, for three types of hybrid structures. The lines are guides for
the eye., Figure S13: PL decay of dry QD layers (1) and Titania NPs/QD hybrid structures. (2). The
smooth lines are results of biexponential fitting with y = A1 exp(− t

τ1
) + A2 exp(− t

τ2
), Figure S14:

Normalized optical density in the absorption band of RNO (DRNO/D0
RNO, where DRNO is optical

density of the sensor at 440 nm, D0
RNO is initial optical density) as a function of the external radiation

dose (465 nm) for Titania NPs (1) and CdSe QDs (2). The lines are guides for the eye, Figure S15: M
smegmatis growth in the reference samples at different conditions of external irradiation, Table S1:
Dependence of the electron transfer efficiency on the structure architecture for three types of QDs,
Table S2: Fit-parameters, i.e. PL decay time (τi) and PL amplitude (Ai), of biexponential fitting of PL
kinetics of QDs in a dry layer and in the hybrid structures, Table S3: Viability of M. smegmatis mc2

155 bacteria at different lighting conditions.
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