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ARTICLE INFO ABSTRACT
Keywords: Optical and photocatalytic restrictions of anatase TiO2 nanoparticles (Nps) limit their potential
Modified photoactive TiO, applications, as antipollutant and antibacterial agents for sanitary applications, to the UV spectral
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Non-toxic
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region. While modification with transition metals extends the absorption capacity to the visible
light spectrum, often undermines the photocatalysts’ biocompatibility due to toxic ion leaching.
In this study, we synthesized Cu-doped and Ag-decorated TiO2 photocatalysts by employing
solvothermal (,TiO2:Cu) and sol-gel synthetic procedures (gTiO2:Ag), respectively. We acquired
TiO2 Nps modified with three percentages of either Cu or Ag content, to examine the potential
differentiation of their structural, photocatalytic, and biological impact. Comprehensive struc-
tural characterization supports the prevailing anatase crystalline structure of bare and modified
titania nanostructures, while morphological differences are demonstrated among the different
samples. Optical response in the visible region of sTiO2:Cu Nps stems from band gap narrowing
and lattice-defect generation, while plasmonic effects are at play for gTiO:Ag Nps. Their pho-
tocatalytic potential under visible light irradiation, originated from low-energy LED lamps
commonly found in indoor spaces, was verified after monitoring the successful enhancement of
methylene blue (MB) degradation rate. Safety assessment on immortalized healthy human ker-
atinocyte cell line (HaCaT) revealed their biocompatibility up to a certain concentration, while
reactive oxygen species (ROS) production was intensified after light irradiation. The visible-light-
induced photocatalytic-driven antibacterial activity was confirmed against both gram-positive
Staphylococcus aureus and gram-negative Escherichia coli.
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1. Introduction

Mitigation of indoor sanitation is increasingly demanded due to climate change and overpopulation in urban areas favouring
microbial growth [1]. As we spend 90 % of our daily lives indoors, environmental pollution and microbial infected surfaces are of
high-risk imposing life-threatening diseases [2]. Conventional cleaning methods aren’t the answer to the problem anymore, due to
their biological and ecological toxicity [3]. Incorporation of antipollution and antimicrobial agents on surfaces, i.e. in paints and
coatings of those surfaces, imposes a sustainable solution to address this problem [4]. The main constituent in such formulations were,
at first, toxic common inorganic biocides but were then replaced by eco-friendly organic biocides, which were found to imposed
formulation instability stability problems in paints and coatings [5]. Then nanotechnology became handy, as nanomaterials were
proven to possess exceptional mechanical and chemical characteristics, while adding extra properties due to their exceptionally small
size. In a recent review study, TiO2 Nps as well as Ag and Cu containing nanocomposites, are highlighted in several experimental and
real-life applications as antibiofouling agents on different types of surfaces with remarkable results [6]. TiO, specifically, has been
employed as a white pigment for several decades, but at the beginning of 21st century, nanosized TiO, has been effectively incor-
porated in construction materials due its photocatalytic properties [7,8]. TiO, referred to as titania, has been extensively studied as a
support for metal catalysts [9]and mainly as a photoactive material. Since the discovery of water photooxidation on a TiO electrode
[10], known as the Honda-Fujishima effect, the inception of TiO2’s use as a photocatalyst has been tested in numerous applications;
photocatalytic water splitting under solar light [11] photocatalytic mineralization of toxic pollutants from atmosphere and water, and
photocatalytic degradation of organic pollutants [12]. Titania has also been explored for biomedical applications such as antibacterial
coatings, wound healing, and drug delivery systems, mainly due to its low toxicity and biocompatibility [13-19].

The photocatalytic activity of nanostructured TiOj is affected by its crystallinity, shape, size, and level of aggregation. Titania exists
in three crystalline structures: anatase, rutile, and brookite. Anatase exhibits superior photocatalytic activity compared to rutile [20],
whilst limited research exists on the photocatalytic properties of metastable brookite due to synthetic challenges for acquiring a pure
crystalline phase, i.e., the absence of anatase. Photocatalytic performance, of these crystalline phases, strongly depends on the elec-
tronic configuration and band structures [21]. The higher density of electronic states in the conduction band of anatase, facilitates
efficient charge separation leading to enhanced photocatalytic activity [22]. However, anatase TiOy has major optical limitations
stemming from a relatively wide bandgap (~3.2 eV), which restricts its absorption within the UV range, accounting for only 5 % of
solar light [23,24]. Thus, the utilization of TiO, as a photocatalyst is rendered inefficient for ambient light applications.

Several approaches have been explored to extend the absorption spectral range of TiO5 Nps, including doping with foreign ions or
atoms (Cu®*, Mn?™, Ag', B, N, and S) [25-33], surface decoration with plasmonic nanoparticles (Au, Pt, Ag) [33-37], coupling with
other semiconductors (CuO, Cuz0, g-CN) [38-42], and dye photosensitization [43-45].

Copper (Cu) and silver (Ag) have shown effective extension of TiOy’s optical capacity towards the visible spectral region, while also
contributing to the separation of the photogenerated charge carriers Copper (Ar = 29), with a ground state electronic configuration of
[Ar] 3d1°4sl, a first-row transition metal, has three accessible oxidation states (Cu™, Cu2+, Cu®"). The introduction of these ions, and
especially Cu™ and Cu?*, into the crystal lattice of TiO5 Nps, can induce localized states within the bandgap, boosting visible light
absorption-related properties. Coupling with narrow bandgap semiconductors CuO (~1.2 eV) [46] and Cuy0 (~2.2 eV) [47] can
facilitate charge transfer and limit the recombination of excitons. Furthermore, Cu and it’s oxides are known antimicrobial agents, via
their intrinsic reactive oxygen species (ROS) evolution mechanism [48-50]. Thus, doping or forming heterojunctions of TiO, with Cu
ions are promising ways to improve TiO2’s photocatalytic-driven antimicrobial activity.

Silver, predominantly existing in the Ag* oxidation state due to its atomic structure [Kr] 5s' 4 d'°, has also been effectively
incorporated into TiOg in various studies to expand its photocatalytic efficiency towards the visible spectrum. Silver ions have long
been recognized for their potent antimicrobial properties and when incorporated into the TiO, matrix, they may be released rendering
TiO, nanoparticles a formidable agent against a spectrum of pathogens [51]. Research focus has shifted to nanoparticulate Ag® (Ag
Nps) due to its intrinsic properties; high surface area for catalytic reactions, localized surface plasmon resonance (LSPR) effect, and
enhanced stability. Despite its non-conventional semiconductor bandgap, the LSPR of Ag Nps is vital for their optical response,
involving light absorption boost, scattering, and local electromagnetic field enhancement, particularly in photocatalysis applications
[52,53]. The antibacterial effect of Ag Nps can be attributed to the sustained release of Ag"™ which follows different biochemical paths,
like adhesion and disruption of the cellular membrane as well as oxidative stress via extracellular or intracellular ROS production
[54-57]. Safety assessment of Ag Nps against Ag", on human hepatoma cells, demonstrated a 10-fold decrease of IC50 values, indi-
cating increased biocompatibility of the nanoparticulate form compared to the ionic state of silver [58]. Synthesis of Ag Nps decorated
TiO3 nanostructures has been reported by either mixing of pre-synthesized TiO2 Nps with Ag precursors in a reducing environment, or
by deposition of Ag Nps on TiOy substrates and even solvothermal techniques, financially limiting their potential for commercial
production [59].

To date, several studies have reported the light-activated antibacterial and antipollutant properties of Cu and Ag modified TiO,
nanoparticles. Nikhila et al. synthesized Cu and Ag decorated TiO, mesoporous nanocuboids with exposed facets which exhibited
increased photodegradation rate in the photocatalytic decomposition of MB under the illumination of UV-Visible light [60]. The main
active species of the transition metals contributing to the increased photocatalytic ability of the nanostructures where CuO and Cu,O
oxides and metallic Ag respectively. Recently, it has been shown that the incorporation of Ag nanoparticles into a ternary NiO/Ag/TiO2
photocatalyst significantly enhanced the MB degradation rate under visible light illumination, far outperforming bare TiO, [61]. Wei
et al. employed a multi-step procedure for the synthesis of Ag and Cu decorated anatase titania nanoparticles with enhanced anti-
bacterial activity under the illumination of pure visible light originated from a solar simulator with a UV cut-off filter [62].

However, the implemented approaches mainly involve activation under UV and UV-Vis light or high-energy solar-simulator Xe
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lamps paired with UV-cut off filters whereas the effect of pure visible light (A > 400 nm) from low-energy indoor lamps remains
relatively understudied [63-70]. Furthermore, the aforementioned studies extensively evaluate the photocatalytic properties of the
synthesized nanoparticles, which, however, need to meet the appropriate biological requirements to be considered for further indoor,
real-life applications. To our knowledge, no other studies have reported a combination of biocompatibility and visible light photo-
activation for Cu- and Ag-modified TiO, nanoparticles. Herein, two robust one-pot and easily up-scalable synthetic procedures were
developed for the fabrication of visible-light active Cu and Ag-modified TiO Nps. Our work aimed to overcome the optical imitations
of titania while preserving structural integrity, maintaining biocompatibility, and boosting visible-light-induced antimicrobial ac-
tivity. In this regard, a solvothermal synthetic procedure was employed for the synthesis of Cu-doped TiO; nano-photocatalyst and a
sol-gel procedure for the decoration of TiO5 with plasmonic Ag Nps. Corresponding bare TiOz Nps, from either synthetic procedure,
were fabricated as a reference. The crystalline structure, phase composition, and structural properties of the unmodified and modified
TiO, Nps were comprehensively studied by powder X-ray diffraction (pXRD). UV-vis diffuse reflectance spectroscopy (UV-DRS) was
employed to investigate the optical properties of the photocatalysts, revealing their improved absorption characteristics. Raman and
FT-IR spectroscopies were utilized to elucidate the molecular structures and purity, respectively. Transmission and scanning electron
microscopies (TEM and SEM) were employed to examine the size and morphology of the nanomaterials. Elemental mapping and
energy-dispersive X-ray spectroscopy (EDS) were applied to monitor the transition metal’s content and dispersity. Prepared nano-
particles showed improved photocatalytic activity, for the degradation of the azo-dye MB, under visible light illumination. Biocom-
patibility was assessed on healthy human keratinocyte cell line (HaCaT) via MTT assay, while ROS production after visible light
irradiation was also examined. Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were employed as representative
gram-negative and gram-positive microorganisms, respectively, to study the antibacterial effect as well as ROS generation as a po-
tential bactericidal mechanism, after irradiation with visible light.

2. Experimental methods
2.1. Chemicals

Titanium(IV) tetraisopropoxide (97 %), Titanium(IV) butoxide (97 %) Copper(II) nitrate trihydrate — Cu(NO3)203H20 (99 %),
Tannic acid (ACS reagent grade), Anhydrous acetic acid — CH3COOH (99.8 %),Ethanol — CH3CH,0H (99.8 %) and Isopropyl alcohol
(IPA) (98 %) were purchased from Sigma-Aldrich and used without further purification. Sodium hydroxide beads — NaOH and Silver
nitrate -AgNO3 (>99 %) were purchased from Fluka. Sodium sulfate - Na3SO4, anhydrous (99 %) and Ethylene diamine tetraacetic acid
—EDTA (99 %) were purchased from Alfa Aesar. Dulbecco’s Modified Eagle Medium - DMEM, Fetal Bovine Serum -FBS, and Dulbecco’s
Phosphate Buffered Saline - DPBS were purchased from BioSera. Penicillin/Streptomycin and L-Glutamine for cell cultures were
purchased from Sigma. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide - MTT was purchased from Cayman Chemical
and DMSO from Sigma Life Sciences. Tryptone was provided by VWR Chemicals and Yeast extract from Condalab. High-purity double-
distilled H,0, obtained from a Rephile Milli-Q lab water system, was employed in synthesis and relevant characterization methods.

2.2. Synthesis of bare and Cu-modified TiO2 nanoparticles

A simple solvothermal method was developed for the synthesis of bare and Cu doped TiO3 nanoparticles. For the fabrication of TiO2
nanoparticles with different copper dopant percentages, a solution of the titanium precursor was prepared in a round bottom flask by
the dropwise addition of 1.5 ml (5 mmol) titanium tetraisopropoxide to 5 ml of absolute ethanol, under vigorous stirring, at room
temperature (RT). The precursor solution was stirred for 30 min to ensure the complete dissolution of the alkoxide and it was followed
by the dropwise addition of 0.6 ml (10 mmol) of anhydrous acetic acid which was used to avoid premature hydrolysis of the Ti-
precursor through the coordination of the acetate ions to Ti*" metal centers. In a beaker, an appropriate amount of Cu
(NO3)203H,0 corresponding to 3, 5 and 10 mol% of copper/titanium precursor salts were dissolved in 5 ml of absolute ethanol and was
dropwise added to the first solution. After 1 h, 1 ml of MilliQ HoO was added dropwise and gradually the solution turned turbid
indicating the nucleation and growth of amorphous Cu-doped TiO, particles. At this point, 0.6 ml of anhydrous acetic acid in 4 ml of
absolute ethanol was injected to further retard the condensation rate. Stirring was held for 1 h after which the mixture was transferred
to a stainless-steel autoclave, which was kept in a conventional oven for 8 h at 120 °C. Purification of the resulting nanoparticles was
achieved through successive centrifugations with ethanol and MilliQ water to remove the unreacted precursors and the resulting pellet
was dried in air at 100 °C for 8 h. Finally, highly crystalline photocatalysts were obtained after calcination at 550 °C for 2 h.

For the synthesis of bare TiO nanoparticles the same procedure was followed without the addition of the copper precursor salt. The
resulting photocatalysts were denoted as ATiOp, ATiO2:Cu-1, aTiO2:Cu-2, and ATiO,:Cu-3 for 0, 3, 5 and 10 mol% cu?t/Titt
respectively.

2.3. Synthesis of bare and Ag-modified TiOz nanoparticles

Anatase gTiOy Nps were synthesized following a green and cost-effective sol-gel method. In a 500 ml flat bottom flask, 196.4 ml
denaturated 99,9 % ethanol and 21.8 ml d d. H,0 were mixed. After 30 min of stirring, 21.8 ml (3 mmol) titanium butoxide was added
dropwise (1 ml/90 s) and a white milky precipitate is formed, suggestive of TiO, formation. Following overnight incubation of the
reaction under stirring at room temperature, the mixture was subjected to serial centrifugations (twice with ethanol, twice with d.d.
H,0, and once more with ethanol) at 6000 rpm to purify the final product. The precipitate was collected and dried overnight in an
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incubator at 80 °C, followed by annealing for 2 h at 500 °C. The white powder of gTiO, Nps was collected and stored at ambient
temperature. This reaction yielded approximately 5.22 g.

Ag Nps were synthesized through a simple, green, and cost-effective one-pot reaction. Briefly, 20 mg of Tanic Acid (TA) and 2 mg of
NaOH are dissolved in 500 pl of double distilled (d.d.) H2O.The yellow solution is then mixed with 9 ml of denaturated 99,9 % ethanol,
promoting a green-colored dispersion, after 10 min of stirring. An aqueous solution of AgNO3 (10 mg in 500 pL) is added dropwise and
an instant color change to deep brown is noticed, indicating the formation of Ag Nps. Following another 10 min, the reaction mixture is
centrifuged at 14000 rpm for 2 min, to remove byproducts and unreacted materials. Ag Nps were purified following redispersion in d.d.
H,0 and another centrifugation at 14.000 rpm for 15 min. The final precipitate was collected and redispersed in 2 ml d d. H,O with a
final measured concentration of 1.97 mg/ml.

The synthetic procedure of AgNps was carried out in the same ethanolic solution used for the production of gTiO,, as a proof of
concept for the subsequent one-pot reaction of AgNps’ incorporation on gTiO;. Thus, the synthesis of hybrid gTiO:Ag Nps was
conceptualized by merging the previously followed synthetic procedures of distinct Ag Nps and gTiO2 Nps. The concept entails the
concurrent formation of nanoparticulate gTiO, and Ag. This is realized by first dispersing, in the following order, i) NaOH, ii) TA, and
iii) 1 ml titanium butoxide (3 mmol) in 9 ml denaturated 99,9 % ethanol, under stirring. After 10 min, 1 ml aqueous solution of AgNO3,
at different concentrations, is added dropwise, acting at the same time as an initiator of the sol-gel reaction for the formation of gTiO5
and as a source of Ag " ions to be reduced by TA, in an alkaline environment, forming Ag Nps. To try various percentages of pTiO
decoration with Ag Nps, different amounts of reactants were used: gTiO2:Ag-1 Nps: 2 mg NaOH, 20 mg TA and 10 mg AgNO3 (Ag: 4.5%
Wt, 2%mmolag,/Ti), sTiO2:Ag-2 Nps: 20 mg NaOH, 100 mg TA and 15 mg AgNO3 (Ag: 6.8%Wt, 3%mmolag, i), sTiO2:Ag-3 Nps: 20 mg
NaOH, 100 mg TA and 50 mg AgNO3 (Ag: 22.6%Wt, 3%mmolag,Ti).

2.4. Structural analysis methods and techniques

Powder X-ray diffraction (pXRD) patterns of the synthesized samples were recorded with a Bruker D8 Advance diffractometer in
Bragg-Brentano geometry, operating at 40 kV of voltage and 25 mA of current. The X-ray source was a Cu anode with a Cu-Ka; (A =
1.5418 A) radiation. The use of a Gobel mirror made any interferences from Cu-Ka, negligible. The diffraction patterns were recorded
at a 26° range of 15-80° with a 0.04°/s step size and 1.6s/step scan speed.

Crystallite size (D) was calculated using the Scherrer equation:

K
Y

@

where K represents the shape factor (0.89 in this case), 4 corresponds to the X-ray wavelength, § denotes the full width at half
maximum (FWHM) of the diffraction peak arising from the (101) hkl plane and 6 represents the Bragg angle.

Raman spectra were collected with a Micro-Raman Renishaw inVia Qontor spectrometer equipped with a 532 nm argon laser.

Absorption and Diffusion Reflectance spectra were collected in a UV-Vis Spectrophotometer with an integrating sphere attachment
(UV-2600i & ISR-2600Plus, SHIMADZU). Samples were prepared by uniformly dispersing each nanostructure in the form of a dried
powder at 1 % in barium sulfate (BaSO4), forming a pellet of the photocatalysts. Pure BaSO4 served as a reference. The data collected
were transformed to Kubelka-Munk plots by plotting ((F(R,))hv)l/ 2 versus the excitation energy hv, for the calculation of the indirect
bandgap of TiO». The exact value of the bandgap energy was found by extending the linear fit of the steepest part in the curve below
390 nm, to the point of zero photon energy (E = 0). Urbach energy calculations were carried out by plotting Ina versus the photon
energy (E). The Urbach energy value was calculated by the reciprocal of the slope of the linear portion below the optical bandgap of
TiOo, via the following equation:

a=ag exp (EE) (2)

where a is the absorption coefficient, E is the photon energy and E, is the Urbach energy. The calculation of the Urbach energy for each
case was performed by plotting In(a) vs E and the reciprocal of the slope of the linear part below the bandgap resulted in the Urbach
energy value in eV.

Fourier Transform Infrared (FT-IR) spectra of powdered samples were acquired with a Shimadzu IRAffinity-1/IRsolution spec-
trometer, equipped with an attenuated total reflectance (ATR) diamond-based accessory.

XPS measurements were carried out in an ultra-high vacuum (UHV) chamber at a working pressure of 5¢107'° mbar, using a non-
monochromatic AlKa radiation line (1486.6 eV) and an electron energy analyzer (Leybold LH EA11) operated at 100 eV pass energy.
Samples were prepared by pressing the catalyst powder on a thin lead sheet. The under-analysis area was a 4e5 mm? rectangle and
quoted binding energies are accurate to 0.1 eV. All spectra were charge corrected with reference to adventitious carbon at 284.8 eV,
while surface atomic ratios were calculated using proper experimental relative sensitivity factors.

2.5. Colloidal stability

Hydrodynamic diameter (dps) and the zeta potential ({) were recorded in aqueous suspensions of the samples at 1 mg/ml by
dynamic light scattering (DLS, Malvern Instruments Ltd, Nano-ZS, He-Ne laser 633 nm). The plots of size distribution by %Number
intensity and (-potential distribution by Total counts are presented as averaged distribution values from three consecutive (10 s time
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interval) measurements of 10 and 20 runs, respectively.

2.6. Morphology assessment via electron microscopy

Morphological characterization was carried out by scanning electron microscopy (SEM, Inspect Microscope, FEI, 15-25 keV) and
transmission electron microscopy (TEM, FEI Talos F200i field-emission (scanning) transmission electron microscope - Thermo Fisher
Scientific Inc., Waltham, MA, USA-operating at 200 kV, equipped with a windowless energy-dispersive spectroscopy microanalyzer -
6T/100 Bruker, Hamburg, Germany). SEM samples of dried powders were prepared on conductive carbon tape and coated with a thin
layer of gold under in vacuo. TEM samples of ethanolic suspensions were drop-casted on suitable grids (copper grid for pTiO3, Ag, and
pTiO2:Ag-1 vs nickel grid for ATiOg, and ATiO2:Cu-1). Size distributions, of the studied nanostructures derived from SEM (dsgy) and
TEM (drgyv) images, were calculated after measuring the diameter of individual distinct nanoparticles (40-100) via the ImageJ
software.

2.7. Photodegradation of MB

The degradation of the model azo dye MB was studied, to evaluate the photocatalytic responsiveness of Cu-doped and Ag-decorated
TiO4 Nps to visible light. Each sample was dispersed in d.d. HyO at 0.25 mg/ml in a glass vial and sonicated for 15 min, to ensure
uniform dispersion of the nanocatalyst. Then, MB was added in each vial at a final concentration of 15 pM, which was placed under
magnetic stirring at 500 rpm in the dark for 30 min, to measure the adsorbed amount of the dye on the photocatalyst’s surface. The
samples were then irradiated over the course of 300 min under visible light irradiation (2xVT 4922 visible-light LED lamps at 20 mV,
10 cm distance), at 25 °C. Degradation measurements were executed every 60 min. For each measurement, 2 ml of each sample was
centrifuged at 10000 rpm and the supernatant’s absorption spectra were measured with a double-beam Shimadzu UV1900 UV-Vis
Spectrometer (Shimadzu, Hesse, Germany) operating at 25 °C. The pellet was then redispersed in the collected supernatant and
returned to the reactor, to maintain the initial concentration balance of the reactants.

The photodegradation efficacy of the nanocatalysts was assessed via calculations of the dye degradation percentage (D%), the
pseudo-first-order kinetics (kqeg), and the half-life time of MB (t;/2). The mathematical formulas that were used are listed below:

D%=(C:/Co) x 100 3)
In (Ct/Co): _kdegXt (4)
t12=(0.693 / ke ) 5)

where D% is the degradation percentage, Cy is the initial MB concentration, C;is the MB concentration at each time interval, kg, is the
degradation rate constant and t; 2 is the half-life period. In order to identify the active species generated upon visible light absorption
that contribute to the degradation of MB, radical scavenging experiments were conducted. The scavengers chosen were IPA, as a
hydroxyl radical scavenger, EDTA as a hole scavenger and NaySO4 as an electron scavenger [71,72]. The experimental procedure
followed was the same as that described previously, except that appropriate amounts of each scavenger were added to reach a final
concentration of 4 mM, after reaching the adsorption-desorption equilibria of MB on the catalysts.

2.8. Cell culture

Immortalized cultured human keratinocyte cell line (HaCaT) was employed as a model healthy cell line to assess the biocom-
patibility of the herein synthesized nanostructured materials. HaCaT cells were cultured in DMEM supplemented with 10 % v/v heat-
inactivated FBS, 2 mM L-glutamine, and antibiotics (100 units/mL penicillin and 100 pg/mL streptomycin) at 37 °C in a 5 % CO»
atmosphere.

For the MTT and ROS assays, cells were dissociated from a fully confluent HaCaT monolayer cell culture following a 10 min
exposure to 1.5 ml of Trypsin and subsequently gathered in sterile falcon tubes, filled with 5 ml of fresh culture medium. The cellular
suspension underwent centrifugation at 480g, after which the resulting cell pellet was resuspended in fresh medium at a concentration
tailored to the specific assay requirements.

2.9. Cellular viability — MTT assay

In a 96-well plate, 100 pl from a suspension of 0.01*10° cells/ml in culture medium was aliquoted in each well and incubated at 37
°C, under 5 % COg, for 24 h to reach approximately 70 % confluency. Subsequently, the supernatant was aspirated and serial sus-
pensions of the examined nanomaterials (1, 5, 10, 25, 50, and 100 pg/ml) were inserted in triplicate wells, for each concentration,
while triplicates of pure culture medium served as control samples. Following another 24 h incubation, treated control samples were
extracted, washed with PBS, treated with 100 pl of MTT (yellow solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide in PBS, 1 mg/ml), during which MTT underwent enzymatic reduction, resulting in the formation of purple formazan crystals.
After 4 h incubation, the MTT solution was removed, and the crystals were diluted with 100 pl DMSO. Using an ELISA plate reader
(Sirio S, SEAC Radim group), the absorbance of each well was recorded at 540 nm, with a reference wavelength set at 620 nm. The
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concentration variability of the formazan crystals, a product of the MTT treatment, was directly proportional to cellular viability,
which is determined by the equation [73]:

A
% Cell Viability = A“‘—"W*l 00 (6)

control

where Agample and Acontrol T€present the average absorbance values for each sample and the control, respectively.
The same protocol was implemented after the ROS assay to assess cellular viability after light irradiation.

2.10. Cellular spectrofiuorimetric and microscopic ROS detection

In a 96-well plate, 100 pl from a suspension of 0.15*10% HaCaT cells/ml in culture medium was aliquoted in each well and
incubated at 37 °C, under 5 % CO,. After 24 h incubation, when the cellular monolayer had reached confluency, the medium was
aspirated and replaced with 100 pl suspensions of the examined nanomaterials in cultured medium without FBS, at a concentration of
50 pg/ml in triplicates. 100 pl of pure culture medium without FBS and 200 uM H30,, were also added in triplicate, which served as
negative and positive controls. The plates were prepared in duplicates and incubated for 3 h 40 min in the dark. Afterward, for 20 min,
one plate was left in the dark and the other was subjected to visible light irradiation at 37 °C. the medium was then removed from each
well and replaced by 100 pl of freshly prepared 10 pM the cell-permeant nonfluorescent 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA) which serves as a fluorescent indicator of intracellular ROS production, after acetate group cleavage to the fluorescent
molecule of DCF by intracellular esterase and oxidation [74,75]. After 30 min incubation at 37 °C, each well was washed with PBS and
the resulting fluorescence intensity was recorded in a microplate reader (Infinite 200, TECAN i-Control) with excitation and emission
wavelengths at 485 nm and 535 nm, respectively. The graphs were plotted as the relative fluorescence intensity according to the
equation:

. . F, ;
% Relative Fluorescence Intensity = — 2 100 ()
negative control

Where Fgample and Fpegative control T€present the mean fluorescent intensity of the cells treated with each sample and negative control,
respectively.

To visualize ROS production microscopically, 500 pl of 0.1*10° HaCaT cells/ml were seeded in a 24-well plate containing glass
coverslips and incubated for 24 h at 37 °C, under 5 % COs. Then, each well was cleared by the medium, washed with PBS, and filled
with 50 pg/ml suspensions of the samples in culture media without FBS. The following procedure included the same steps as the
spectrofluorimetric ROS assay to cross-validate the results optically. Thus, after the 30 min incubation with H2DCFDA, the samples
were washed with PBS and placed on glass slides. Observation of the biological samples was conducted through widefield optical
microscopy (EXI-310, AccuScope Inc. & Unitron) and fluorescence microscopy (OMAX Trinocular Compound EPI-Fluorescence Mi-
croscope M834FLR with 1.3 MP CMOS Camera (Blue filters: Excitation 410-490 nm, Emission: 515 nm and Green filters: Excitation
490-540 nm, Emission: 590 nm).

2.11. Microbial cultures

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were employed as model gram-negative and gram-positive bacterial
strains, respectively. Bacteria were grown in Lauria Broth (LB) at 37 °C with 250 rpm agitation. After 24 h, bacterial cultures were
subjected to centrifugation at 3000 rpm for 3 min and the collected bacteria were redispersed in PBS. The optical density at 600 nm
(ODggo) of the stock bacterial cultures was determined via a spectrophotometer. Bacterial inoculums were adjusted to ODggo = 0.15 for
further evaluation.

2.12. Antimicrobial activity and ROS detection

In a sterile 24-well plate, 1 ml of E. coli or S. aureus inoculums containing the modified or unmodified titania nanostructures (1 mg/
ml), Cu(NO3)2.3H20 (1 mg/ml) and Ag Nps (30 pg/ml) were placed in each well. Control samples (negative control) of untreated
inoculums and treated (positive control) with H,O and moxifloxacin (5 pg/ml) were also included. Each plate of either bacterial strain
was prepared in duplicate and incubated in dark or under visible light irradiation at 37 °C for 24 h. Following, the samples were
separately aspirated from each well, centrifuged at 3000 rpm for 3 min, and redispersed in 1 ml PBS.

To evaluate the antimicrobial activity, 100 pl of each sample was aliquoted in a 96-well plate and the ODggp was recorded in an
ELIZA plate reader. To assess the potential of ROS production as an antibacterial mechanism of the tested nanostructures, the
H2DCFDA method was applied again as a routine protocol for bacterial cultures as well [76,77]. Briefly, 100 ul of H2DCFDA was added
in each well at a final concentration of 10 uM. After 30 min incubation at 37 °C the fluorescent signal was recorded in a microplate
reader (Infinite 200, TECAN i-Control) with excitation and emission wavelengths at 485 nm and 535 nm, respectively. The collected
data were expressed as % Relative Fluorescence Intensity according to equation (7).

Similarly, 250 pl of each sample was transferred in Eppendorf tubes, mixed with H2DCFDA at a final concentration of 10 pM, and
incubated in the dark for 30 min at 37 °C. Finally, 10 pl of each sample was placed on a glass slide, covered with a coverslip, and
observed via fluorescent microscopy.
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2.13. Statistical analysis

Biocompatibility and antimicrobial assessment results were subjected to two-way ANOVA statistical analysis, with 95 % confidence
interval, by implementing Tukey’s or Sidak’s multiple comparisons tests, respectively. The analyses were performed with GraphPad
Prism by applying the GraphPad (GP) method with significance expressed as: ****(p < 0.0001), *** (p < 0.001), **(p < 0.01), * (p <
0.05). Non-significant results, with p > 0.05, are not assigned in the graphs.

3. Results and discussion
3.1. Structural characterization

According to the pXRD diffraction patterns of bare TiO,, Cu, and Ag-modified TiOy Nps (Fig. 1), changes in crystallite size, lattice
parameters, and microstrain were monitored for each sample obtained through the two distinct synthetic procedures. The diffraction
peaks at 25.3°, 36.9°, 37.8°, 38.6°, 487, 53.9°, 55.1°, 62.1°, 62.7°, 68.8°, 70.3°, 74.1°, 75.1° and 76° corresponding to the (101), (103),
(004), (112), (200), (105), (211), (204), (116), (220), (215), (301) planes of tetragonal anatase TiO can be well indexed to the
COD:5000223 entry card for both 5TiO3 and gTiO2. No additional phases ascribed to the dopant, such as metallic copper or copper
oxides can be detected in Cu-doped 5TiO, samples, even at high dopant percentages (Fig. 1 A). The absence of rutile suggests that the
crystal phase remains unaltered upon doping and the most catalytically active phase of anatase is retained. For bare titania nano-
particles obtained through the sol-gel procedure, gTiOy Nps, a minor percentage (1 %) of the meta-stable crystal phase of brookite
(COD:9004141) was detected, possibly originating from synthetic parameters like the use of room temperature.

It is noteworthy that the existence of brookite is unverified in the Ag-modified samples due to the co-existence of the amorphous
part of the Ag modifier, seemingly appearing at the same 20° as the strongest diffraction peak of orthorhombic brookite, ascribed to the
(211) plane. Additionally, with the increase of Ag content in gTiO2:Ag-2 and pTiO2:Ag-3 Nps, the appearance of diffraction peaks at the
(111), (200), (220), and (311) crystal planes of FCC metallic Ag (COD:1100136), were noticed. This indicates the crystallization and
growth of Ag clusters on the surface of gTiO, grains, leading to surface modification, rather than incorporation into the titania’s crystal
lattice [78]. Broad peaks are observed in all samples due to the presence of crystallites in the nanometre range.

The well-defined diffraction peaks in the 5TiO5:Cu series suggest the isotropic growth of the crystallites. Rietveld refinement and
fitting of the (101) planes (Table S1) at every sample revealed a slight increase in the crystallite size of ATiO2 (dxgrp: 18.5 nm) upon
doping with 3mol%Cu (dxgp: 19.5 nm) and 5mol%Cu (dxgrp: 21 nm), followed by a decrease for 10mol%Cu (dxgp:19.5 nm). This trend
could be attributed to the incorporation of Cu?>* dopant in the spaces between atoms of the TiO, lattice, which facilitated the formation
of stable nucleation sites during the crystallization process for the growth of larger crystallites.

Substitutional doping of Cu?* ions (0.73 A) into positions previously occupied by Ti*" ions (0.605 A) could be implied by the
increase of the lattice constants and the anatase cell volume expansion [79,80] (Table S1). Additionally, the existence of Cu®" ions in
solution could have altered the energy barrier for crystal growth favoring the growth of larger crystallites, while preventing the
agglomeration of smaller ones.

These effects ceased to exist when the concentration of Cu increased (,TiO2:Cu-3). A possible explanation could be that the excess
Cu®* ions act as nucleation sites for the growth of CuO clusters, rather than effectively doping the anatase lattice by substituting
significantly larger numbers of Ti** ions when compared to ATiO2:Cu-2. It is important to note that the absence of CuO diffraction
peaks suggests the small fraction of such clusters or the presence of amorphous Cu(OH)s.
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Fig. 1. Powder diffraction patterns of (A); ATiO3, ATiO2:Cu-1, ATiO2:Cu-2, ATiO2:Cu-3 and (B); gTiOz, pTiO2:Ag-1, pTiO5:Ag-2, pTiO2:Ag-3, in
comparison with the corresponding Crystallography Open Database (COD) patterns for anatase, brookite and silver.
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The crystallite size of the Ag-modified gTiO, Nps obtained through the sol-gel synthetic procedure exhibits different dynamics. The
introduction of Ag leads to a drastic decrease in the crystallite size of gTiO2:Ag-1 (dxgp:15.2 nm). This result could indicate substi-
tutional doping of gTiO,’s anatase lattice leading to the microstrain increase of the crystal lattice and shrinkage of the crystallites due
to the different ionic radius of Ag" ions (1.26 A), when compared to Ti** ions (0.68 10\), in the coordination state [81]. This is confirmed
by Rietveld Refinement data (Table S1), as the microstrain value of gTiO2:Ag-1 appears augmented, compared to bare gTiO». It is worth
mentioning here that plain Ag Nps exhibited a dxgp equal to 5.7 & 0.2 nm (Table S1) further supporting that the existence of nanosilver
on gTiO, could result in an apparent increase in the crystallite size. At higher fractions of Ag modifier, the effect of the Ag ™ ions on
TiO4 changed and led to an increase of the crystallite in pTiO2:Ag-2 (dxgp:26 nm), while the microstrain (%) was maintained at the
same level as pTiO, indicating separate Ag cluster-growth from gTiO», impacting only the growth of the crystallites by functioning as
nucleation sites. The excess of Ag in pTiO2:Ag-3 (dxrp:16.2 nm) inhibited the growth of anatase crystallite and reduced the
crystallinity.

The Raman spectra (Fig. 2 B, E) of all samples correspond to the anatase phase with no other modes pointing to other inorganic
crystalline structures. For the unmodified 5TiO, and gTiO intense modes at 144 cm~! and two less intense modes at 197 and 637
cm’lcorrespond to the E; mode of anatase while the modes at 396 cm 'and515em™! correspond to Big and Ajg + Bjg modes. The E;¢
mode of TiO; is related to the (101) direction of the crystal and the symmetric bending vibration of O-Ti-O along the c-axis [82,83].
Substitution of Ti*" ions from different ions can impact the position of the Eg; mode. This effect is assigned to the different ionic radii of
dopant ions, herein Cu?* and Ag™. In the case of Cu-doped TiO, a blueshift is observed in the position of the E1g mode, indicating the
substitution of Ti** from Cu®* and the formation of oxygen vacancies for charge compensation, in the ATiO3 lattice [83-85]. For gpTiOx:
Ag-1 a similar blueshift to higher wavenumbers is noticed suggesting lattice distortion by oxygen vacancies’ creation through the
incorporation of Ag™, in a similar manner. In gTiO2:Ag-2 no blueshift, as compared to bare gTiO,, is observed, confirming the XRD
results. Interestingly, at the highest concentration of Ag, an important blue shift of Eg; paired with a noticeable peak broadening could
be indicative of Ag * interaction with oxygen ions on the surface of gTiO, and of phonon confinement effects generated by gTiOy’s
lattice defects.

IR-ATR spectra of the nanostructures (Fig. 2C-F) depict the purity and the characteristic bond vibrations of each sample’s con-
stituents. All samples exhibit a broad vibration in the range of 500-912 cm™! which is ascribed to the typical stretching vibration of Ti -
O - Ti bonds in the crystal lattice of anatase [86]. Vibration at 1637 cm_l, observed in all samples, is attributed to -OH groups from
either Ti-OH bending vibrations or to adsorbed H,O molecules. The broad bands at 3000-3300 cm ™! arise from the stretching vi-
brations of the surface adsorbed —OH groups [87,88]. By increasing the amount of Cu or Ag modifiers in both cases, these vibrations
become weaker, indicating their presence on the surface of TiO, Nps, binding to Ti*" sites.

Further confirmation of successful Ag embedment comes from the rise of another band at 1360 cm ™, assigned to Ag - O — Ti bond
formation, which sharpens as the Ag content increases (Fig. 2 F). A weak vibration at 2340 cm ™! of the bare and Cu-modified
nanoparticles can be attributed to ~CO» surface adsorbed moieties (Fig. 2C) [89-92].

XPS measurements were conducted on bare 5TiO2 and gTiO3 as well as on selected photocatalysts ATiO2:Cu-1, ATiO2:Cu-3 and
pTiO2:Ag-2, gTiO2:Ag-3 in order to identify the oxidation states of the surface components. Fig. 3 (a) shows the XP spectra of the Ti 2p
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Fig. 2. (A, D) Raman active modes of sTiO2(:Cu-1, 2, 3) and gTiO2(:Ag-1, 2, 3) (B, E); Shifting of the Eg; mode at 144 cm™! (C, F) IR-ATR spectra of
the samples.
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Fig. 3. High resolution XPS spectra of the selected catalysts depicting (a) Ti2p, (b) Cu 2p3,» and (c) Ag 3d

region. The two peaks correspond to the 2p3,5 and 2p; 2 doublet at 458.7 and 464.3 eV, characteristic values for Ti** [93]. The Ti 2p
peak in combination with the O 1s peak (Supporting information) show no clear signs of defect formation, which in the case of the Ti 2p
spectra would appear as a shoulder for the 2p3) line at 457.3 (Ti®).

The Cu 2ps3/, spectra (Fig. 3 B) for sample oTiO2:Cu-1 shows a main feature centered at 932.6 eV, which may be attributed to either
metallic (Cu®) or oxidized (Cu™) copper. Distinguishing between these two oxidation states is typically performed utilizing the
modified Auger parameter calculated from the Cu Auger LMM peaks and main photoelectron Cu2ps/» line [94]. However, in the
present case the Cu LMM peaks overlap with the region of the Ti 2s peak. Taking into account that the Ti is in vast excess in the sample,
the signal for the Cu LMM peaks cannot yield any meaningful information. It should be noted that the complete absence of any satellite
peaks at the high binding energy side of the main Cu 2ps/» line suggests that most likely the Cu is in the metallic (Cu®) state in this
sample. In the case of the 5TiO2:Cu-3 sample, the 2p3,2 peak shows an increase in width combined with a shift to higher binding
energies (933.9 eV). This observation together with the presence of a large satellite peak at 942.6 eV confirms that the copper in this
sample is in the Cu'? oxidation state [93,95,96].

The Ag 3d spectra can be observed in Fig. 3C. For the gTiO5:Ag-3 sample the 3ds,, and 3ds/» peaks center at 368.2 and 374.2 eV
respectively, which are characteristic for Ag in the metallic state. A negative shift of about —0.3 eV is observed for the Ag 3d spectrum
for the pTiO2:Ag-2 sample, suggesting most likely the presence of silver at a higher oxidation state (Ag®"). Note that the consensus
regarding Ag 3d is that increased oxidation state leads to a negative shift in binding energies, supporting the above claim for silver
oxide formation (Ag20 or AgO) [97,98]. Taking also into account the pXRD measurements, where the only observable phase attributed
to Ag species is metallic Ag, the small negative shift of the Ag 3d peaks can be attributed to the development of an oxide layer covering
part of the metal nanoparticle surface. Survey scans of the samples and C 1s and O 1s high resolution scans can be found in the
supplementary material (Fig. S1). Note the presence of the Pb 4d peak is due to the thin sheet used to deposit the sample for analysis.
Moreover, samples gTiO2:Ag-2 and gTiO2:Ag-3 show amounts of sodium present. This is attributed to the preparation methods used in
our study.

3.2. Morphology and colloidal stability

According to both TEM (Fig. 4 & Fig. S2a) and SEM (Fig. 5 and Fig. S2b) analysis, the synthetic route for ATiO2 Nps (dsgm = 19,8
nm, drgyv = 20,2 nm) resulted in smaller-sized nanoparticles, than the method employed to produce gTiO2 Nps (dsgm = 89,4 nm, deym
= 82,1 nm). It is noteworthy that gTiO5 Nps in SEM appear as spherically formed nanostructures, but a cluster-like form is revealed in
TEM images. Each cluster consists of smaller and irregularly shaped nanostructures around 16 nm, which could be correlated with the
apparently smaller dygp (Table 1). In the case of Cu-modified oTiO, Nps, size distribution (Fig. S3) remains around 20 nm, as Cu is
incorporated in the structure in the form of ions. Ag-modified gTiO Nps demonstrated slight size expansion (Fig. 5 & Fig. S3) since Ag
is deposited in the form of polycrystalline nanoparticles around 8 nm, which is in accordance with the size distribution of pure Ag Nps
(Fig. S3). This structural and morphological difference between the samples is attested by the elemental mapping performed on pTiOs:
Cu-1 Nps (Fig. 4C1-C6) and gTiO2:Ag-1 Nps (Fig. 4 D1-D6), where Cu is observed scattered in the entirety of the sample, whereas Ag is
observed as defined spots within the structure.

EDS analysis from SEM (Fig. 5C and D) verified the effective Cu or Ag incorporation, as well as the increasing metal content in the
structure of titania, approximating the initial concentration of each metal during either synthetic approach. For the selected samples of
ATiO2:Cu-1 Nps and gTiO2:Ag-1 Nps, the mass fraction (%Wt) of each metal is 2.77%Wtc, and 3.33 %Wtag, respectively, which is
consistent with the corresponding EDS analysis from TEM (2.35%Wtc, and 3.19 %Wta,) (Fig. S4). Additionally, from the Selected Area
Electron Diffraction (SAED) analysis performed via HR-TEM (Fig. S5) -as a supplementary analysis of the Nps’ crystal structure to XRD-
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Fig. 4. TEM images of (A1-3) oTiO5 Nps, B1-3) gTiO5 Nps, (C1-6) ATiO,:Cu-1 with elemental mapping, (D1-6) pTiO5:Ag-1 with elemental mapping.
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Fig. 5. (A1-4) SEM images of sTiO5 and ATiO,:Cu-1 to 3. (B1-4) SEM images of gTiO, and gTiO5:Ag-1 to 3. EDS analysis and Wt% elemental
quantification of © oTiO3:Cu-1 to 3 and D) gTiO5:Ag-1 to 3. Hydrodynamic radius (dp.s) and {-potential distribution of (E) ATiO2 and oTiO2:Cu-1 to
3, and (F) gTiO, and pTiO5:Ag-1 to 3.

the crystal lattice of anatase is verified for both ATiO3 and gTiO2 Nps, which is also maintained in the corresponding modified samples
of ATiO4:Cu-1 Nps and gTiO2:Ag-1 Nps. For gTiO4:Ag-1 the d-spacing of the (111) hkl assigned to Ag® nanoparticles is observable and
indicates the existence of Ag® nanoparticles on the surface of gTiO,. Morphological and elemental analysis revealed a successful
approach towards our synthetic intention, considering that the aim of both synthetic procedures was to incorporate Cu as a dopant ion
and Ag in the form of embedded plasmonic nanoparticles.

The colloidal stability of all the samples was tested in aqueous dispersions at room temperature. The hydrodynamic diameter (dpys)
of all samples (Fig. 5 and Table 1) is slightly increased compared to drgy and dsgy, which is expected as there are several molecular
dynamics at play among nanoparticles and water molecules. It is noteworthy that smaller-sized ATiO2 Nps demonstrated a slightly
negative { potential of —13.2 mV, whereas larger cluster-like gTiO5 exhibited a moderately positive one around +25.3 mV (Fig. 5E-D).
Morphological discrepancies as well as synthetic differences have often been reported to affect the { potential trend of TiOs, either due
to size and shape anisotropies, or variations in synthetic parameters like Ti source and other additives [99-101].

In the case of ATiO2:Cu Nps, as the amount of Cu increases, the { potential slightly shifts towards more negative values reaching
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Table 1
Comparative data of unmodified and modified titania nanostructures of the crystallite size (dxgrp), nanoparticle diameter calculated from TEM (drgm)
or SEM (dsgm), and of DLS rendered hydrodynamic diameter (dpys), Polydispersity index (PdI) and ¢-potential.

Sample dxrp drem dsem dpis el g Sample dxrp drem dsem dpis PdI ¢

(nm) (nm) (nm) (nm) (mV) (nm) (nm) (nm) (nm) (mV)

ATiOy 18,465 20,2 19,81 74,47 0,266 13,2 pTiO- 21,697 82,1 89,4 165,1 0,370 25,3
+57 + 4,55 + 23,9 + 5,4 + 18,2 + 13,3 =+ 96,76 +

6,38

aTiO5: 19,544 21,9 23,93 33,55 0,466 18,4 pTiOs: 15,222 140,4 127,1 167,3 0,518 10,4
Cu-1 + 5,4 + 6,2 + 11,4 + Ag-1 + 37,0 + 44,2 + 30,1 +

4,24 5,73

aTiO5: 20,891 - 22,20 57,41 0,477 22,8 pTiOs: 26,354 - 131,4 154,3 0,387 54,9
Cu-2 + 5,52 + 24,27 + Ag-2 + 24,0 + 94,4 +

5,31 13,6

ATiOo: 19,506 - 22,05 357,9 0,534 24,8 pTiOs: 16,226 - 142,2 142,8 0,283 67,7
Cu-3 + 4,85 +109,9 + Ag-3 + 31,7 + 67,58 +

6,56 11,1

—24.8 mV for 5TiO,:Cu-3 Nps (Fig. 5 E), but PdI (Polydispersity Index) and dp;s are notably increased (Table 1). This aggregation can
be attributed to the possible formation of CuO species, mentioned in structural analysis.

Plain Ag Nps present substantially higher dprs (~39.9 nm) than dgyv ~8.6 nm (Table 1, Fig. S3), while maintaining an extremely
negative { value at —49.8 mV, a profile that can be explained by the existence of the large and negatively charged TA molecules
attached on the surface. As for pTiO2:Ag Nps the ¢ potential considerably decreases while PdI and dp;s improve (Fig. 5SF-Table 1), by
increasing Ag deposition, with gTiO2:Ag-3 attaining a value of —67.7 mV. Consequently, by increasing the amount of Ag Nps incor-
poration on gTiO5 the colloidal behavior is improved.

3.3. Optical properties

UV-DRS spectra, in absorbance and reflectance mode, were acquired to elucidate the optical properties of the nanocomposites and
their responsiveness to visible light irradiation. The deep UV absorption band present in all samples is assigned to TiO3 and specifically
to the electronic transition from the valence band (VB) comprising of the O 2p states to the conduction band (CB) of TiO5 consisting of
the Ti 3d state [102].

Cu-modified pTiO samples exhibit three additional absorption bands located at 380-420 nm (shoulder), 420-570 nm (tail), and
600-950 nm (broader band) (Fig. 5A and B). Taking into consideration the XPS results for the sample 5,TiO2:Cu-1, additional ab-
sorption bands assigned either to the LSPR effect of metallic Cu nanoparticles or the band gap transition of Cuz0 can be included in the
600-900 nm region of the absorbance spectra [103,104]. However due to the minimal presence of these species on the surface of ,TiO5
their contribution does not not significantly affect the overall absorption spectra. The calculation of disorder induced energy levels
below the CB of TiOs, also known as Urbach energy, revealed an upward trend for the ,TiO2:Cu Nps (107 meV < 679 meV < 942 meV
< 1436 meV) following the increase in copper concentration, thus confirming that interstitial or substitutional doping of the ATiO;
lattice is at play. Increasing concentration of Cu resulted in an amplified intensity of the other absorption bands, suggesting their
association with the interaction between Cu ions and TiO; lattice or the formation of a new phase. These defects, which are usually
oxygen vacancies located close to the newly inserted Cu®" ions, can create energy states between the VB and CB of TiOy, redshifting the
absorbance, thus rendering the semiconductor responsive to visible light [83,105,106]. The calculation of each state’s energy, also
known as Urbach energy, for the ,TiO2:Cu Nps revealed an upward trend (107 meV < 679 meV < 942 meV < 1436 meV) following the
increase in copper concentration, thus confirming that interstitial or substitutional doping of the ATiO; lattice is at play (Fig. S6) [83,
107]. The tail at 420-570 nm corresponds to a similar trend and may be attributed to the formation of amorphous copper (II) oxide
(Cu0), copper (II) hydroxide (Cu(OH); or Cu?* clusters covalently bound on the acidic Ti** sites on the surface of ATiO2 nanoparticles
[108-110]. Additionally the broad absorption at longer wavelengths is the characteristic d — d (ZEg—>2T2g) transition of Cu®* (d%)
present in the octahedral coordination environment of crystalline anatase [83]. Similar to ATiO,, the absorption edge of gTiO; is
located at 393 nm (Fig. 5D and E), suggesting that the optical properties of the prevailing anatase phase remain unaffected despite the
presence of 1 % brookite phase, found in pXRD. In the case of gTiO2:Ag-1, 2, 3 Nps the absorption and reflection curves reveal another
mechanism of modification. The absence of absorbance, which could be attributed to lattice-disruption defects, excludes Ag * doping
as a modification mechanism but rather further validates that Ag is present in the form of nanoparticles on the surface of gTiO5. This
assumption is in good agreement with the results obtained from pXRD, Raman, and TEM. The other prominent absorption in the
UV-DRS spectra, which is associated with the increase in Ag concentration, is located at 400~700 nm and can be attributed to Ag Nps’
LSPR triggered by the incident light. The plasmonic effect of Ag Nps can enhance the absorption of TiO, in visible light by acting as a
hot electron channel through the Schottky barrier formed at the heterojunction between plasmonic Ag Nps and gTiO2 Nps [111,112].

The characteristic LSPR absorption peak of plain Ag Nps (Fig. S3 C) appears at 433 nm, whilst a red-shift is observed when Ag Nps
are concurrently formed and embedded with gTiO,. As Ag concentration is increased, Amax Of the LSPR-assigned absorption shifts from
576 nm for gTiO2:Ag-1, to 604 nm for pTiO2:Ag-2, and 630 nm for gTiO2:Ag-3. LSPR absorption’s Apax and FWHM of plasmonic Ag Nps
depend on their size, shape, and distribution; size increase causes redshift while aggregation results in peak broadening [113].
Accordingly, this redshift indicates either aggregation of the deposited Ag Nps or a wider scattered coverage of gTiO, with Ag Nps,
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resulting in a larger perceived size, as Ag deposition is increased. Since the colloidal behavior was proven to ameliorate from pTiO2:
Ag-1 to pTiO2:Ag-3, it can be assumed that the latter argument must be at play. Additionally, an important redshift in the absorption
maxima of TiOz to 330 nm is also noted for the sample gTiO2:Ag-3 and can be attributed to lattice defects of anatase TiO5 and
interparticle interactions of TiOy and Ag Nps [114]. Kubelka-Munk plots for ATiO2:Cu Nps and gTiO2:Ag Nps were constructed by
transforming the reflectance curves, for the calculation of the indirect band gaps (Fig. 6C-F and Fig. S7) [115]. By employing this
method we aim to unravel the extent of TiO2’s bandgap modification stemming from Cu or Ag.

In the case of ATiO and its Cu-modified analogs, the bandgap energy exhibits a downward trend from 3.25 eV of the bare 5TiO5 to
3.05 eV for 5oTiO2:Cu-3. In parallel, the increase in intensity and width of the absorption tail associated with the rise in defect-induced
Urbach energy (E,) implies that doping is present in every Cu concentration applied. Hence, it is safe to assume that all Cu-modified
photocatalysts can be activated by visible light irradiation attributed to a combination of interstitial or substitutional doping and
surface modification with Cu®".

Considering bare and Ag-modified gTiO3 Nps, there are no significant changes in the bandgap values of the gTiO5:Ag-1 (3.24 eV)
and pTiO2:Ag-2 (3.26 eV) samples, as compared to bare gTiO5 (3.24 eV) and the interband transition absorption of anatase, suggesting
that there is no doping present, as an additional verification to previous observations. Instead, the decoration of plasmonic Ag Nps on
the surface of TiO; can directly transport electrons to the CB of TiO, rendering it active under visible light irradiation. gTiO2:Ag-3 Nps
exhibit a noticeable decline in bandgap energy (3.08 eV) paired with the most intense absorption in the visible light originating from
the LSPR effect of Ag nanoparticles. Though the doping of some portion of Ag * ions inside the lattice of TiO, cannot be entirely ruled
out, most likely the redshift in absorbance maxima derives from the combined effect of the presence of smaller-sized Ag Nps, amor-
phous Ti(OH)4 and anatase TiO. The junction of all three components may trap electrons generated from the plasmon resonance of Ag
Nps and subsequently enhance the charge separation at the interface of anatase TiO2 and amorphous Ti(OH)s.

3.3.1. Photodegradation of MB

Fig. 3 Optical characterization of ATiO2(:Cu-1, 2, 3) and gTiO2(:Ag-1, 2, 3). (A, D); Kubelka-Munk absorption curves of ATiO5(:Cu-1,
2, 3) and gTiO2(:Ag-1, 2, 3). The inset in the top right indicates the shifting of the absorption edge with increasing the modifier’s
concentration. (B, E) Reflectance curves TiO2(:Cu-1, 2, 3) and pTiO2(:Ag-1, 2, 3) (C, F) Transformed Kubelka-Munk for the calculation
of the bandgap energy. Ep, stands for bandgap energy and E, for Urbach energy.

To examine the photocatalytic prowess of the synthesized nanostructures, in solution, we studied the degradation of MB dye under
visible light (LED 20W) irradiation. Their adsorption capacity was also evaluated to assess the interactions of the samples with the dye
prior to illumination.

Cu-doped 2TiO2 Nps can be activated under visible light to generate ROS i.e. Oz and OH which next oxidize MB to HoO and CO5
[116]. The degradation rate constants Kgeg (Table 2), calculated from the kinetic study plots (Fig. 7A and B), reveal that ATiO2:Cu-1 is
the most active, as it accomplished almost complete decomposition of MB. As soon as irradiation begins the reaction follows
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Fig. 6. Absorption curves of (A) ATiO2(:Cu-1, 2, 3) and (D) pTiO5(:Ag-1, 2, 3); inset in the top right indicates the absorption edge shift with
increasing concentration of Cu or Ag modifiers. Reflectance curves of (B) ATiO,(:Cu-1, 2, 3) and (E) pTiO2(:Ag-1, 2, 3). Kubelka-Munk-transformed
reflectance curves for the calculation of the bandgap energy of (C) ATiO2(:Cu-1, 2, 3) and (F) pTiO2(:Ag-1, 2, 3). Epg stands for bandgap energy and
E, for Urbach energy.
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Table 2
Kinetic evaluation parameters of the photocatalytic activity of ATiO»(:Cu-1, 2, 3) and gTiO2(:Ag-1, 2, 3) derived from the MB degradation study.
Sample D(%) Kgeg (1073 (s ti2 Sample D(%) Kgeg (107°) (s7) ti/a
ATiO» 71.7 3.5 198 pTiO, 92.9 7.9 88
ATiO05:Cu-1 94.4 9 77 pTiO2:Ag-1 88.4 6.7 103
ATiO5:Cu-2 81.9 7 99 pTiO:Ag-2 97.7 12.2 57
ATiO5:Cu-3 87.7 6.2 112 pTiO2:Ag-3 92.9 8.7 80
Dark Visible light B Dark Visible light c Dark Visible light D Dark Visible light
10 —*— ATIO; 0.0 10 —— gTi0; 0.0
. —o— ATiO,:Cu-1 - gTiO,:Ag-1 05
—+— ,Ti0,:Cu-2| 0.5F —s— gTi0,:Ag-2) :
0.8 —— ,TiOzCu-3 o 08 oTiozAgy 10
X =" <15
506 \ \ o 506 o
o \ S 15 o S 20
3} \ = ) E
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\‘ \, 3.0 80,
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Fig. 7. Photocatalytic degradation of MB under visible light irradiation: {C/Cy (time)} and linearly fitted {In(C/Cyp) (time)} plots of (A,B) pTiO,(:Cu-
1, 2, 3) Nps and (C,D) gTiO5(:Ag-1, 2, 3) Nps.

pseudo-first-order kinetics. There was no significant adsorption capacity of MB on either of the ,TiO2(:Cu-1,2,3) Nps, implying that the
degradation involves only the photocatalytic pathway, ruling out any other possible side reactions that would induce error in the
experimental results. The increased photocatalytic ability of ATiO2:Cu-1 implies that the copper species present on the surface of TiOy
at this copper loading (Cu® or Cu™) can facilitate more efficient charge separation and electron transfer to MB dye, while the increase of
Cu?* related species on the surface of TiO,, at higher Cu loadings, have an adverse effect on the photocatalytic activity of the hybrid
photocatalyst. This result comes in agreement with previous studies [85,117,118]. While the UV-DRS study implies that ,TiO:Cu-3
has better responsiveness to visible light, instead it seems that the large generation of surface-embedded clusters of Cu?>* or amorphous
Cu(OH); could act as recombination sites for the photogenerated electrons and positively charged holes (h™) [119,120]. In the case of
pTiO2(:Ag-1, 2, 3) (Fig. 7C and D) the bare gTiO5 shows a rise in visible-light-induced photocatalytic activity when compared to oTiO».

The cluster-like shape of gTiO; could be described as having cavities or pores which would result in an increased effective surface-
to-volume ratio, thus offering accessible sites for molecular diffusion or adsorption as well as enhanced light harvesting properties
owing to multiple internal reflections of the incident light [121]. gTiO2:Ag-2 (Table 1) showed intrinsic adsorption capacity for MB in
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. ml ' Bm
ATiO2:Cu-1 gTiO,:Ag-2 gTiO,:Ag-3
control IPA EDTA ® Na;s0,

Fig. 8. Effect of radical scavengers IPA, EDTA and Na;SO4 on the degradation rate constant (Kdeg) of the selected photocatalysts. Statistical analysis
of the results is based on a 2-way ANOVA multiple comparisons test within the different sets of samples, with ****(p < 0.0001), *** (p < 0.001),
**(p < 0.01), * (p < 0.05).
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the dark, compared to gTiO5:Ag-1 and 3. The increased photodegradation rate, of both gTiO2:Ag-2 and gTiO:Ag-3, can be attributed to
the adsorption of the dye on the surface of the modified TiOy Nps and to synergistic effects between the transfer of hot electrons from
the LSPR of Ag Nps, respectively. The increased degradation rate of MB using the modified nanoparticles under illumination from
low-wattage visible-light LED lamps indicates their potential for use as indoor antipollution agents.

3.3.2. Determination of reactive species in photocatalysis

Visible-light absorption from the Cu-doped and Ag-decorated photocatalysts leads to electronic excitation (e™) to the conduction
band (CB) of TiO, or the mid-gap states induced by the dopant while leaving a positive charged hole (h™) in the valence band (VB).
These charge carriers are the driving force of photocatalysis and further reactions with HyO or O, dissolved in water generates the
Reactive Oxygen Species (ROS) that lead to the degradation of pollutants. The reactions taking place can be described with the
following pathways:

. Visible Ligh _
4pTiO; : Cu,Ag—""%", ¢~ (CB) + h'(VB) (8)
H,O+h"(VB)— .°OH+H" 9
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assay results expressed as %Relative Fluorescent Intensity after incubation, in dark or under visible light irradiation, with (C) Cu(NO3), and ATiO5 (¢
Cu-1,2,3) Nps and (D) Ag and pTiO.(:Ag-1,2,3) Nps.

15



P. Tzevelekidis et al. Heliyon 10 (2024) 35634

Pollutant + h* (VB)— Oxidized pollutant 12)

Pollutant + e~ (CB)— Reduced pollutant (13)

In the case of Cu-doped TiO3 catalysts, TiO2:Cu-1 was selected due to its better photocatalytic performance in MB degradation. For
Ag-modified TiO», pTiO2:Ag-2 and pTiO2:Ag-3 photocatalysts were selected to investigate whether Ag decoration and doping of the
TiO4 lattice, respectively, affect the dominant radical species responsible for dye degradation. The results of the reactive species
scavenging experiment for each photocatalyst are presented in Fig. 8, where the degradation constants (Kdeg) of MB in the presence
and absence (control) of each radical scavenger are compared.

As evidenced, EDTA had the largest negative impact on the degradation kinetics of all photocatalysts as the degradation constant
diminished to the values of 4.6-10’4, 8.2.10~* and 9.9-10* for the Cu doped sample and pTiO2:Ag-2 and pTiO2:Ag-3 respectively. This
result implies that the main active species contributing to the oxidation of MB are the positively charged holes (h™) generated at the VB
of the photocatalysts. Hydroxyl radicals (*OH) scavenging and free electron (e ) resulted in a less important decline in the degradation
rate for the selected photocatalysts. This should be replaced by the following: Considering the difference between the means of Kdeg
values (based on the multi-comparison confidence interval plot of the two-way ANOVA statistical analysis-Fig. S8), ,rio,:Ag-2 showed
substantial kdeg increase compared to [ TiO,:Ag-3. This result further supports the different modification mechanisms present in these
two samples.

3.4. Biocompatibility and safety assessment under visible light irradiation

The biocompatibility of all prepared samples was assessed through the MTT assay on HaCaT cells at varying concentrations (Fig. 9A
and B). Plain 5TiO; and gTiO» did not inhibit cellular proliferation at the tested concentrations. According to the statistical analysis
within each sample, highly and extremely significant toxicity is exhibited at the highest concentration of ATiO2:Cu-3 Nps or gTiO2:Ag-3
Nps, respectively. Among the different samples, no significant effect is observed, except in the case of 100 pg/ml gTiO2:Ag-3 Nps,
where there is an extremely significant difference compared to the other samples at the same concentration. Plain Ag Nps exhibit
concentration-dependent toxicity. The observed trend of decreasing cellular proliferation seems to be related to the increasing per-
centage of metal, Cu or Ag, incorporated in the structure. Both hybrid materials exhibit comparable behavior, except for gTiO2:Ag-3
Nps at the highest concentration, which is significantly more toxic than the other samples at 100 pg/ml.

The potential activity of hybrid titania materials to induce the production of ROS on HaCaT cells was investigated through the
established method of HoDCFDA. Both fluorescent spectroscopy (Fig. 9C and D) and microscopy (Fig. S11) attested to the inherent
ability of the tested samples to produce ROS, after incubation with the cells for 4 h at 37 °C without (dark) or under visible light
irradiation (light). According to a multivariant statistical analysis of the data collected from the in vitro spectroscopic assay, pure ATiOo,
and pTiO2 Nps’ ROS production remained the same between dark and light conditions, whereas hybrid nanoparticles presented a
different profile (Fig. 9C and D). As a first remark, there is a noticeable trend of decreasing ROS production with the decrease of sample
concentration during incubation, but most samples demonstrated higher values than the control sample treated with HyO». In more
detail, under visible light irradiation, an extremely significant increase in ROS production was detected for all three samples of ATiOs:
Cu, but only gTiO2:Ag-1 Nps demonstrated a highly significant result, whereas the rest of gTiO2:Ag Nps had similar or less compared to
the dark. To delve more into this peculiar behavior, a complementary MTT assay was performed, in the same cell culture plates right
after ROS assay (Fig. S12). In the case of gTiO2:Ag Nps there is a noticeable decrease in viability after light irradiation compared to
samples that remained in the dark, which could explain the peculiar ROS production trend. This effect was not as significant in the case
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of ATiO2:Cu samples, thus ROS production was evidenced unhindered.

Fluorescent microscopy gave a visual insight into ROS production stimulated by the samples on live cell cultures after treatment
with HoDCFDA, under the same experimental conditions. To avoid potential toxicity, cells were treated with the nanostructures at the
intermediate concentration of 50 pg/ml. Double negative (untreated-unstained), negative (untreated-stained), and positive (H202
treated-stained) were used as reference to evaluate the treated samples. Indeed, cells treated with TiO2:Cu Nps under light irradiation
demonstrated a more intense and localized fluorescent signal, compared to the samples that remained in the dark (Fig. S12).

Interestingly, all cells treated with gTiO2:Ag Nps demonstrated a highly intense signal as well (Fig. S11), despite the spectroscopic
results, further validating the hypothesis that, due to decreased viability, the overall fluorescent signal was arrested. The negative
control demonstrated scattered fluorescent signal, mostly in the exterior of the cells, which has been previously mentioned in liter-
ature, as artefactual signals could be a drawback of this method, and was taken into consideration in our analysis [122,123].

In more detail, the fluorescence of cells treated with ,TiO2:Cu-1 was more intense after light irradiation than the other two samples
with higher Cu concentration. Interestingly, taking into account the structural and photocatalytic response data, it seems like more Cu
ions are readily available to be released in the cell for ATiO2:Cu-2, compared to pTiO2:Cu-1. When Cu(NO3)2,3H20 (hereinafter
referred to as Cu) was used as a reference, to elucidate pure Cu®" ions’ effect on the cells, the intense diffused signal, after dark in-
cubation, appeared more localized after light irradiation, validating the generation of ROS even in the dark. Cells treated with 4TiOy:
Cu-3 demonstrated minute fluorescence, evidenced in both spectroscopic and microscopic results, which could correlate with the least
photocatalytic activity among the sample group of ATiO5:Cu Nps.

To further examine the propensity of gTiO2:Ag Nps sample group to produce ROS, the effect of plain Ag Nps should be taken into
consideration. From the fluorescent microscopy images, cells treated with Ag Nps in the dark exhibited localized fluorescent spots,
whereas after light irradiation the signal was significantly amplified, revealing the propagation of ROS stimulated by Ag Nps.
Therefore, the amplified fluorescent signal, as the Ag incorporation on gTiO5 Nps increases, can be ascribed to the generation of ROS
due to photocatalytic enhancement supported by the optical response data of these samples.

Taking all the results of biocompatibility assessment into consideration, distinct conclusions can be drawn. At a concentration of 50
pg/ml or less, both ATiO2:Cu and gTiO2:Ag can be declared safe for contact with human skin cells. A possible route of toxicity for higher
concentrations is through oxidative stress, especially in the case of higher %wt of Cu or Ag on titania after light irradiation at the
highest concentration. Considering that these hybrid nanomaterials are intended to be used as additives in construction materials, such
as paints for indoor surface sanitation, when in contact with the skin the bioavailability is significantly low.

3.5. Antimicrobial activity

The effect of 24 h visible light irradiation on the antimicrobial activity of the Cu and Ag-modified titania nanostructures was
evaluated in liquid cultures of E. coli (Gram-negative) and S. aureus (Gram-positive). E. coli demonstrated an overall decreased %
Relative ODggo, compared to S. aureus, indicating heightened sensitivity of E. coli to titania-modified nanostructures, in both light and
dark conditions (Fig. 10).

All three pTiO2:Cu Nps exhibited an extremely significant effect after light irradiation in the case of E. coli, similarly with pTiO:Ag-
1, pTiO2:Ag-2, and Ag Nps. An extremely significant decrease of %Relative ODggo, after light irradiation was observed in the case of
S. aureus as well, for the samples treated with pTiO3:Cu-2, ATiO2:Cu-3, and gTiO2:Ag-1. pTiO2:Ag-3 demonstrated an extremely sig-
nificant bactericidal activity in both bacterial strains, even in the dark, rendering the evaluation of light impact insignificant, at the
tested concentration.

The antibacterial effect of the nanostructures could be attributed to different bactericidal or bacteriostatic mechanisms induced by
the tested nanostructures [59,124]. Herein, the probability of ROS production was assessed via fluorescent microscopy (Fig. S11 and
Fig. S12) and spectroscopy (Fig. S.10) after treatment with HoDCFDA. Fluorescence microscopy images verified the production of ROS
after light irradiation in the case of E. coli treated with the modified titania nanostructures whereas weak signal was observed from
plain 5TiO, and gTiO». It can be assumed that the increased antimicrobial effect observed after measuring the %Relative ODgg can be
attributed to ROS generation stemming from light activation. S. aureus samples, treated with the same nanostructures, demonstrated
moderate fluorescence which can be correlated to the higher %Relative ODgg, compared to E. coli. Hence, there is a direct association
between antimicrobial activity and enhanced ROS production. Summarizing the antimicrobial activity results, we propose a direct
photocatalytically driven biocidal impact by increasing %wt of Cu or Ag on pTiO; or gTiO, respectively. The generation of ROS as a
potential antibacterial mechanism enhanced by visible light irradiation can be verified, while a selectivity towards E. coli is indicated.

4. Conclusions

Two distinct experimental procedures were developed for the synthesis of both bare and modified TiO, nanoparticles. An easily up-
scalable solvothermal method was employed for the synthesis of Cu?>* doped TiO, Nps, whilst a simple one-pot green sol-gel approach
was applied for the fabrication of bare and Ag-decorated TiO5 Nps. The first method procured smaller, highly crystalline, nanoparticles
around 20 nm, compared to the second method which rendered cluster-like nanostructures of around 90 nm. Comprehensive char-
acterization was conducted to elucidate their structural, morphological, and optical properties. All samples exhibited superior
responsiveness to visible light compared to bare TiO,. Photocatalysts with 2.77 wt% Cu and 5.04 wt% Ag loading demonstrated the
most effective anti-pollution efficacy for MB dye, under visible light illumination (A > 420 nm). Most titania-modified nanostructures
demonstrated a concentration-dependent effect on HaCaT cellular viability whilst proving to be biocompatible for up to 50 pg/ml per
MTT assay results. Cellular and microbial ROS generation was enhanced following visible light irradiation and was correlated with
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structural and morphological differences among the samples. Photocatalytic-driven antimicrobial activity of the synthesized nano-
structures was verified by the significantly decreased %RelativeOD600 values of E. coli and S. aureus incubated under visible light
illumination (A > 400 nm), compared to those in the dark. In conclusion, our results suggest that Cu-doped ATiO; and Ag-decorated
pTiO; could serve as efficient antipollution and antibacterial agents, by monitoring the fraction of the metal-modified titania.

As the need for sanitation of indoor spaces (hospitals, restaurants, and transportation) is becoming more and more demanding due
to overpopulation, the potential applications of these hybrid materials are vast, in the field of construction materials, paints, and
surface coatings, while taking advantage of their photocatalytic activity under the abundantly available visible light radiation from
visible light LED lamps. Future perspectives include real-life applications to assess the precise impact of the visible light-activated
hybrid titania nanoparticles synthesized herein as sustainable biocidal additives that can replace commonly used toxic substances.
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