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We present an enhancement of optically triggered anti-microbial treatment based on visible to
ultraviolet up-conversion emission in lanthanide-doped yttrium silicates. A series of Pr**/Tm**/Yb>" co-
doped Y,Si,O; powders was synthesized and characterized, including determination of their crystal
structure, morphology, and spectroscopic properties. The emphasis was put on the examination of the
influence of lanthanide ion doping on the luminescence characteristics in the ultraviolet region of light,
since the emission from this part of the spectra can be effectively used for decontamination purposes.
Due to the additional Tm3* doping into the pri+ containing Y,Si,O; powders, we observed up-
conversion emission lines in both UVA and UVC regions of spectra, while the solely Pr** doped materials
gave only the emission in the UVC region. The synthesized luminescent powders were further used for
decontamination experiments with three different types of pathogenic microorganisms (ie., A
baumannii, S. aureus, and C. albicans) formed biofilms. The microbial cell viability studies demonstrated
the higher deactivation efficiency for all investigated microbial species with the use of combined UVA
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DOI: 10.1039/d3ma00451a and UVC irradiation generated by Pr®* and Tm>®' co-doped phosphors. At the same time, the

incorporation of Yb®* ions could additionally offer an alternative NIR-to-UVA excitation pathway via a
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Introduction

The growing requirements of quality and health standards in,
just to name a few, food processing, agriculture, healthcare,
households, cosmetics, and pharmaceutics demand increasing
use of disinfectants. This in turn results in the emergence of
resistant cells* and resistant populations through vertical and
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980 nm laser diode, which is beneficial for deeper light penetration experiments.

horizontal gene transfer,” and thus the so-called cross-
resistance (correlation between resistance to antibiotics and
disinfectants in bacteria) is becoming a concern of medical
issue.> As early as in 2001 the World Health Organization
(WHO) emphasized the importance of this problem, by pub-
lishing a document pointing out the need to limit the use of
common antimicrobials to slow down the emergence of highly
resistant strains (WHO Global Strategy for Containment of
Antimicrobial Resistance).” This widespread problem rein-
forces the need to look for other procedures to control micro-
bial growth, with one very promising alternative being the
biocidal capability of light. Ultraviolet (UV) radiation is known
to be an effective solution for germicidal and disinfection
applications, however, the impact of light from different UV
regions, ie., UVA: 320-400 nm, UVB: 280-320 nm, and UVC:
200-280 nm, on bacterial or viral inactivation is significantly
different.” The UVC light is found to be the most efficient
radiation for direct DNA damage of microorganisms since the
spatially localized therapeutic effect is attainable due to double-
stranded DNA UVC radiation absorption, resulting in hydrogen
bond breakage between nucleobases, followed by bond for-
mation between neighboring pairs of thymine and cytosine.®
Consequently, DNA replication inhibition leads to death of
irradiated microorganisms.” On the other hand, the UVA light
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can deactivate bacteria via pathogen damage and/or generation
of reactive oxygen species (ROS).*° Therefore, the possibility
to engineer and generate specific UV emission lines in combi-
nation is essential to enhance bacterial or viral inactivation
with the use of light,"** the application of which is nowadays
of great concern for human health. Up to now, the most
common way to generate UV light is by dedicated lamps or
light-emitting diodes, however, such applications are greatly
limited mainly due to the lack of site specificity.'>'® Another
possible option for efficient UV emission generation is taking
advantage of luminescent materials, especially lanthanide-
doped phosphors. In those materials, two- or multi-photon
sequential absorption processes, which occur between ladder-
like energy levels,'”*® provide the possibility to up-convert
visible (Vis) and/or near infrared (NIR) light to radiation in a
specific region (including UV, Vis or NIR light) opening the
perspectives for efficient light triggered therapy and
diagnostics."*" It was also recently shown that the Vis-to-
UVC up-conversion (UC) emission generation by Pr’* doped
NaYF, microparticles could occur even under sunlight, which
opens wide perspectives for applications of UVC emitting nano-
and micro-particles for construction of, e.g., self-disinfection
fabrics or surfaces.”” Additionally, we have very recently proved
that it is possible to observe a DNA denaturation effect upon Vis
excitation of Pr**/Yb®* co-doped NaYF, and LiYF, nano-
particles, by efficient Vis-to-UVC UC emission generation.®
Similar studies were performed also for other types of lantha-
nide containing matrices (e.g., YBO; or Ca,Si0,),>*** including
UV light emission from Gd*", Tm*" or Pr*" doped materials,*
with particularly promising results obtained from yttrium
silicate (Y,SiOs and Y,Si,O;) phosphors, establishing those
materials as being among the most efficient for Vis-to-UVC
UC emission generation.”®*” The Vis-to-UVC UC is of particular
interest, since it does not require multiple (> 2) photon sequen-
tial absorption to observe UVC emission (as in the case of NIR-
to-UV UC), which increases the overall process efficiency.
Taking advantage of selected lanthanide doping, in order to
further enhance the proven germicidal performance of yttrium
silicate powders, in this work we introduce a new function of
the Y,Si,0, material by tri-doping with Pr**, Tm*", and Yb*"*
ions. Tm®" ion incorporation results in an additional UVA
emission band at ca. 370 nm upon Vis excitation, through the
energy transfer between Pr** and Tm®" ions. This in fact can
considerably enhance the photoinactivation process of differ-
ent microbial species, as the emission from the UVA region can
activate ROS generation and complement the DNA degradation
effect provided by the UVC emission.'® Simultaneously, co-
doping with Yb*" for sensitization with lower energy radiation
(i.e., ~980 nm) leads to transfer between Yb** and Tm>" ions
and, consequently, results in NIR-to-UV UC emission, which
could be beneficial when the exciting light propagates in a
scattering medium. Fig. S1 (ESIT) summarizes the schematic
energy level diagram with possible transitions that can be
observed in the studied materials. For a proof-of-concept, the
combined effect of different Vis-to-UV UC emissions generated
by the studied lanthanide doped powders under 447 nm (and
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980 nm) laser irradiation on three biofilm forming microorgan-
isms (i.e., A. baumannii, S. aureus, and C. albicans) was inves-
tigated. The obtained results clearly revealed the enhanced
anti-microbial action of combined (UVC + UVA) emissions from
Pr** and Tm>" doped silicates, which can provide guidance for
the design of novel high performance UV emitting materials for
disinfection purposes. The proposed approach could be uti-
lized for perpetual light-triggered sterilization at healthcare
facilities (e.g., hospital rooms and operating theaters), which
is crucial in the fight with multidrug resistant superbacteria -
one of the challenges modern medicine is nowadays struggling
with.”® The proof-of-concept experiments have already been
reported: regenerative, anti-viral coatings for various types of
surfaces® demonstrate the enveloped virus deactivation. The
447 nm laser diode excitation was used for S. aureus bacterial
solution inactivation with Pr’* doped SrSiO; powders,*® while
Zhao et al. constructed antibacterial wound dressings based on
Vis-to-UVC up-conversion in Pr** doped materials.*' Thus, any
improvement in the materials performance in this spectral
region could quickly be reflected in the development in tech-
nological solutions.

Experimental
Lanthanide doped Y,Si,O, phosphor synthesis

A series of lanthanide-doped Y,Si,O, phosphors (i.e., undoped
Y,5i,05; Y,8i,05:Pr*" and Y,8i,0,:Pr*", Tm*",Yb®*) was synthe-
sized in accordance with the sol-gel synthesis protocol reported
by Cates et al.>® with slight modifications. In general, the total
amount of 4.43 mmol of corresponding RE,O; (RE =Y, Pr, Tm,
Yb) was dissolved in a HNOj; : H,O mixture (1:1 v/v) in a three-
neck round-bottom flask under reflux with nitrogen purging for
1 h (please see Table S1 for the exact amounts of chemicals
used, ESIT). The excess of solvent was evaporated with a rotary
evaporator and the obtained powder was washed several times
with small portions of deionized water until the pH was set to 7.
After overnight drying on a hot plate at 130 °C in air, the
precursor powder was dissolved in 3.25 mL of EtOH and
1.02 mL of deionized water, followed by the addition of
0.98 mL of TEOS. The solution was slowly stirred and heated
at 70 °C to form a clear gel, which was later dried in an oven in
the air for 17 h at 104 °C. The obtained powders were ground in
a mortar and placed into alumina crucibles, which were heated
in a muffle furnace at a 8 °C min " rate for calcination under an
ambient atmosphere for 3 h at 1000 °C. The calcinated phos-
phors were cooled down naturally to room temperature.

Morphology and structure characterization

Powder X-ray diffraction (XRD) analysis of the obtained materi-
als was performed on a Bragg-Brentano geometry STOE X-ray
diffractometer using Cu Ka radiation. The 260 range was 10-80°.
The crystal phases (and cell parameters) of the synthesized
powders were determined based on the Rietveld refinement
procedure. Scanning electron microscopy (SEM) images
were captured with a Jeol JSM-6610LVnx scanning electron

© 2023 The Author(s). Published by the Royal Society of Chemistry
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microscope (accelerating voltage: 10-15 kv, WD: 10 mm). Ele-
mental analysis was conducted with an integrated Oxford Aztec
Energy X-ray energy-dispersive spectrometer working together
with the same Jeol SEM microscope.

Optical spectroscopy

All of the spectroscopic studies were conducted at room tem-
perature in ambient air for powder samples. As the main
purpose of the presented study was to show the effect of
Tm>" co-doping on the emission in the UV region and thus
the efficiency of studied materials in bacteria deactivation, the
obtained spectroscopic results should be treated in a qualita-
tive manner. The down-conversion (DC) emission and lumines-
cence lifetimes in the Vis spectral range were obtained upon
447 nm excitation using a FLS980 Edinburgh Instruments
photoluminescence spectrometer. The Vis-to-UVC UC and
NIR-to-UV UC was measured using the experimental setup
described in our previous work.® In short, the emission from
lanthanide-doped phosphors was induced with either a focused
447 nm fiber-coupled semiconductor laser diode (CNI Laser), or
a 980 nm fiber-coupled semiconductor laser diode (CNI Laser),
modulated with a mechanical chopper. In the case of Vis-to-
UVC measurements the emitted radiation passed through an
optical setup constructed of UV silica lenses and a set of filters
to cut off the scattered laser light. The spectra were analyzed
with a grating monochromator (Horiba iHR320) coupled with a
pre-amplified photomultiplier tube (PMT, Hamamatsu H5784-
04), with the PMT signal demodulated with a lock-in amplifier
(EG & G 7260). Vis-to-UV UC luminescence lifetime measure-
ments were obtained with the same experimental setup, with
the 447 nm laser directly modulated with a square wave
generated by the lock-in amplifier. The PMT signal was passed
through a 200 MHz high input impedance voltage amplifier
(Femto HVA-200M-40-F) to ensure a high dynamic range and
measured with a digital oscilloscope (Rohde & Schwarz RTB2K,
300 MHz bandwidth).

Biocidal studies

MTT reagent (Sigma Aldrich, Poland) was prepared by dissol-
ving 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide in phosphate buffer saline (PBS) (pH = 7.2) to a final
concentration of 5 g L™"; the solution was stored at 4 °C. Acidic
isopropanol was prepared using 50 mL of isopropanol and 0.75
mL of HCI. For photo-induced inactivation studies the CW laser
diode (non-focused) with the peak-power wavelength at
447 nm and 980 nm (CNI Laser) at the output power density
of ~800 mW cm %, and ~500 mW cm > were used, respec-
tively. Additionally, the control experiment by using a UV
emitting lamp (a wavelength of 254 nm; 2-wavelength UV lamp
Kamus LP254UV) for photo-induced inactivation studies in the
absence of powders was performed. Three microbial species
were used in this study: Acinetobacter baumannii (PCM 8740),
Staphylococcus aureus (PCM 2024) and Candida albicans (ATCC
10231). One colony of each test organism was inoculated in
5 mL of Mueller-Hinton Broth (Oxoid). In the case of C.
albicans, this medium was supplemented with 1% glucose.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The suspensions were incubated for 24 h in the dark at
37 °C. After this time, each culture was centrifuged separately
(5 min/6000 rpm) and the obtained pellet was suspended in
5 mL of sterile PBS to give an inoculum of approximately 1-2 x
10° colony-forming units (CFU mL™%).

Biofilm formation

At first, 100 pL of a standardized cell suspension of A. bauman-
nii, S. aureus and C. albicans was transferred into each well of a
pre-sterilized polystyrene flat-bottom 96 well plate and incu-
bated for 4 h in the dark. After this time, the supernatant
(containing non-adhered cells) was removed from each well
and the plates were washed using 100 pL of sterile PBS. Then,
100 pL of fresh Mueller-Hinton Broth (in the case of C. albicans
the medium was supplemented with 1% glucose) was added to
each well and the plates were further incubated for 24 h in the
dark at 37 °C for biofilm development. Next, the supernatant
was removed again and the wells were washed with 100 pL of
sterile PBS.

Dark cytotoxicity studies

Studies on the biocidal effectiveness of powder materials were
preceded by the determination of dark cytotoxicity. The dark
cytotoxicity of Y,Si,05, Y,Si,0,:Pr*" and Y,Si,0,:Pr’",Tm>",Yb?
was determined against planktonic and biofilm cultures (see
the ESIY). Briefly, 5, 15 or 30 mg of the tested powder materials
were added to each well of a 96 well flat-bottom microtiter plate
(Thermo Scientific™) containing planktonic or biofilm cultures
of A. baumannii, S. aureus, B. cereus, and C. albicans. The plate
was then incubated at 37 °C, without shaking and for 24 h (in
the dark). The cell viability after 1, 4, and 8 h was determined
using a BacTiter-Glo ™ test (planktonic culture) (see the ESIt) or
MTT test (biofilm culture) using the previously described
protocol.?” The cultures of the studied microorganisms were
incubated under the same reaction conditions and were used as
controls. The study was carried out in triplicate.

Biocidal effect studies

Based on the determined dark cytotoxicity (see the ESIY),
powder materials at a concentration of 30 mg per well were
used in all biofilm disruption experiments. All experiments
were preceded by examining the effect of light irradiation alone
on the viability of biofilm formed by A. baumannii, S. aureus,
and C. albicans. These studies were carried out by irradiating
the biofilms with laser light for 5, 7 and 10 minutes, and cell
viability was assessed using an MTT test using the previously
described protocol.**> The non-toxic light dose has been defined
as the exposition time causing a decrease in cell viability by no
more than 20%. To study the effect of Y,Si,O, Y,Si,0,:Pr** and
Y,Si,05:Pr*",Tm**,Yb** on the inactivation of biofilms, 30 mg of
the tested powder materials were added to each well (with
formed biofilm), and then the microorganisms were irradiated
with laser light for 10 min. The viability of the cells was
determined by the MTT assay. The study was carried out in
duplicate.
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The reduction in microbial biofilm viability was calculated
using the following formula:

(Al — AB) — (AT — AB) x 100%

Al — AB
where:
Al-absorbance of the initial sample (biofilm before photo-
inactivation)

AB-absorbance of the background sample (no cells, 0.015)
AT-absorbance of the tested sample (biofilm after photo-
inactivation).

Studies on the generation of intracellular reactive oxygen
species

Following 447 nm irradiation in the presence of Y,Si,O,
Y,Si,0,:Pr*", and Y,Si,0.,:Pr** Tm*",Yb*" powders, biofilm
formed by S. aureus, was incubated with a solution of 2/,7'-
dichlorodihydrofluorescein diacetate (DCFDA) at a final
concentration of 50 uM. Next, the generation of ROS was
detected with the spectrofluorimetric method with excitation
at 485 nm and emission at 520 nm using a SpectraMax Gemini
spectrofluorimeter and the SoftMaxPro5 software.

Statistical analysis

The statistical analysis was performed using the STATISTICA
data analysis software (version 10.0) and Microsoft Excel. The
quantitative variables were characterized by the arithmetic
mean of standard deviation or median or max/min (range)
and 95% confidence interval. The statistical significance of
the differences between two groups was processed with the
Student’s ¢ test. In all the calculations, the p value of 0.05 was
used as the limit value.

Results and discussion

Morphology and crystal structure

A series of lanthanide-doped (i.e., Pr’*, Yb**, Tm*") Y,Si,0,
polycrystalline powder materials was synthesized, and the
corresponding SEM images of the obtained powders are pre-
sented in Fig. 1. The undoped (Fig. 1a) and solely Pr’* doped
(Fig. 1b) materials showed highly fused crystallites, while
further co-doping with Tm*" and Yb®" ions resulted in smaller
crystallite formation (Fig. 1c). The EDS images complementary
to the morphology characterization confirmed the homoge-
neous distribution of doping ions within the samples (Fig. 1b
and c). The observed changes in morphology upon high doping
were further confirmed by the XRD results. X-ray diffraction
data (Fig. 1) and Rietveld refinement based analysis (Table S2,
ESIt) revealed that Pr**, Tm**, and Yb*' incorporation into
the host matrix does influence the crystal structure. Based on
the Rietveld refinement, all the materials were assigned to the
Y,Si,0; structure (Fig. 1 shows the measured XRD patterns
together with the calculated ones and assignment of major
intensity peaks with the colored asterisks), although the peak
position and intensities do not coincide exactly with the
standard patterns. The undoped (Fig. 1a) and solely Pr** doped
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(Fig. 1b) materials showed a dominant triclinic phase (P1) in
the XRD spectra of ~75% and ~90% amount, respectively. The
main reflections in the measured XRD spectra matched the mp-
581644 card (Fig. 1a and 1b). Further co-coping with Tm** and
Yb** ions resulted in a phase change to the pure triclinic (P1)
one (Fig. 1c). The higher phase purity for the oxide-based
powder phosphorus in response to additional doping (e.g., Li"
or Lu*") was in fact reported previously.”***** The main
mechanism postulated for this phenomena is related to the
flux effect (formation of the liquid phase at the grain bound-
aries), which can enhance the rate of crystallite formation,
leading to the formation of crystallites of higher crystal struc-
ture purity during the annealing process.*® The calculated cell
parameters (Table S2, ESIt) show some divergence from the
average values observed in silicates, but are comparable to
those observed in other related disilicates, e.g., Ho,Si,O; or
Dy,Si,0,.>>*” The crystal structure of Y,Si,O, belongs to the
group of so-called mixed anion silicates,*® a polymorphs mate-
rial with low symmetry where every atom has a separately
defined site in this type of structure, thus any doping can lead
to changes in the XRD reflex position or relative intensity. The
Y**, Pr¥*, Yb** and Tm®" differ in X-ray scattering factors, thus
influence the intensity and position of the observed XRD lines.
Additionally, the miscibility of doping ions in the Y site can
have an impact on the final XRD spectra.*® The Rietveld
refinement was in our case performed for ideal structure
models that did not match fully the real structures, thus it
was tricky and challenging to obtain a perfect match between
the measured and theoretical XRD patterns. However, based on
the obtained Rietveld refinement, still closely matching the
model structures, we can still confirm the validity of the crystal
phase of the obtained materials.

Photoluminescence spectroscopy

As the structures of all synthesized samples were confirmed as
a Y,Si,0; polymorph, further spectroscopic analyses were con-
ducted to investigate the energy transfer between the lantha-
nides and the possibility of manipulating the UV emission
output. The DC emission of Y,Si,0,:Pr*" excited by the
447 nm laser was peaked at ca. 490 nm, 540 nm, 610 nm,
650 nm, 710 nm, and 735 nm (Fig. 2a), which corresponds to
the *P, — *H,, °P, — *Hs;, °P, —» *Hg, °P, — °F,, °P, — °F;, and
*py — °F, electronic transitions within the Pr’* ion energy
levels, respectively (see Fig. Sla for the energy level scheme,
ESIt).%°

Further co-doping of Tm** resulted in the appearance of
additional bands peaked at ca. 470 nm, 650 nm and 735 nm,
which could be ascribed to 'G, — *Hg, 'G4 — °F,, and 'G, —
*H; electronic transitions in the Tm>", respectively (see Fig. 2b
for spectra and Fig. S1b for the energy diagram, ESIt), as
incorporation of Tm*" ions can be sensitized by energy transfer
between the *P, excited state of Pr*" ions and 'G, energy level of
Tm?" ions.’® The observed emission lines are similar to those
reported for Pr’* or Tm*" doped yttrium silicates materials.*®*"
To confirm the energy transfer between Pr’* and Tm?** ions we
have additionally measured the luminescence lifetime of Pr**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of morphology — SEM images, composition — EDS maps and crystal structure — measured and calculated XRD patterns of un-

doped Y5S5i,07 (a), Y2Si,0-:Pré* (b) and Y,Si,05:Pr¥*, Tm>*,Yb** powders.

ions P, excited level by monitoring the decay curves at 610 nm
(Fig. 2c¢). The studied samples showed a double-exponential
decay behaviour, and a significant shortening of t values, both
short and long components, was observed for samples co-
doped with Tm>*" ions. The former decreased from 46.22 ps
down to 2.7 ps, while the latter from 122.2 pus down to 14.56 pus
upon Tm** co-doping (Fig. 2c). The results of measurements of
emission kinetics thus support the ones obtained in the steady-
state, and confirm the efficient energy transfer between Pr**
and Tm®" ions. Moreover, upon 980 nm excitation of the
Y,Si,0,:Pr*",Tm**,Yb®" sample emission peaks at ca. 480 nm,
650 nm, and 790 nm are observed, which correspond to the
G, » *H,, 'G, — *F,, and *H, — >H, electronic transitions in
Tm®" ions, respectively (Fig. S2, ESIt). This is because of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

energy transfer occurring only between Yb®" and Tm>" (see Fig.
Sic for the energy level diagram, ESIt), in agreement with the
reported up-conversion emission bands in Yb** and Tm** co-
doped materials.*>*?

Having acquired the Vis DC emission spectra and confirmed
the corresponding energy transfer between Pr’* and Tm®" in
the synthesized materials, we further investigated the UC
emission in the UV region under Vis (447 nm, Fig. 3a and b)
and NIR (980 nm, Fig. 3c) excitations. Upon 447 nm excitation,
two broad bands ranging between ~250 nm to ~390 nm with
maximum emission intensity at 278 nm and 308 nm are
observed (Fig. 3a and b). This is the consequence of sequential
absorption of two blue photons, as confirmed by the measure-
ments of power dependence of UV emission (slopes of the

Mater. Adv., 2023, 4, 5827-5837 | 5831
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Fig. 2 Down-conversion emission spectra of Y,Si,O;:Pr¥* (a) and
Y,Si,07:Prt, Tm3* Yb®* (b) phosphors upon 447 nm excitation together
with fluorescence decay curves recorded at 610 nm upon 447 nm excita-
tion for Pr¥*-based Y,Si,Oy silicates (c).

log-log excitation power vs. emission intensity plots are equal
to approximately 2 as presented in the insets in Fig. 3a and b).
In this UC process first the *P, energy level of Pr** ions is
populated followed by the excited state absorption to the 4f5d
energy level of the matrix, and finally the 4f5d — *H, depopu-
lation is observed giving rise to the UV emission, as presented
schematically in Fig. S1d (ESIf) and consistent with the pre-
viously reported results.>** Additionally, UC emission decay
curves were acquired at 278 and 308 nm (Fig. S3, ESIT), and the
experimentally obtained decay curves were fitted onoexponen-
tially, showing luminescence lifetimes of 12.34 ps for emission
at 278 nm and 8.86 s for UV UC emission decay measured at
308 nm. When additional Tm*" and Yb*" ions are introduced,
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Fig. 3 Vis-to-UVC UC spectra of Y,Si,07:Pr** (a) and Y,Si,O7:Pr’*,T-
m>*,Yb>* (b) powders upon 447 nm CW laser irradiation at a power of
1000 mW. The insets show log-log plots of integrated intensity vs.
excitation power with the linear fits and slope values. NIR-to-UV UC
spectrum of Y,Si,07:Pr**, Tm>*,Yb** (c) upon 980 nm CW laser irradiation
at a power of 1000 mW.

the UC emission spectra show an additional narrow band at
~370 nm (Fig. 3c), which corresponds to the 'D, — *Hg f-f
electronic transition of Tm®" ion (see Fig. Sle for the energy

© 2023 The Author(s). Published by the Royal Society of Chemistry
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level diagram, ESIT). Its origin is ascribed to energy transfer
from Pr** (which serves as a sensitizer upon 447 nm excitation)
to Tm**. Upon 980 nm excitation, the NIR-to-UVA UC can also
be achieved via multiple energy transfer between sensitized
Yb** and activated Tm>" (see Fig. Sic for the energy level
diagram, ESIt). This can be clearly seen in Fig. 3c, as the
emission band at ca. 370 nm appears, corresponding to
the 'D, — >Hy electronic transition in Tm?** ions. Based on
the presented spectroscopy results, one can suggest the appli-
cation of co-doped Y,Si,O; materials for anti-microbial pur-
poses, since all of the studied phosphors showed intense
emission in the different UV regions when excited with Vis
447 nm or NIR 980 nm laser light. We also suggest a possible
manifestation of an additional phototoxic effect from Tm>* co-
doped systems, since the PL emission peaked at ca. 370 nm is
able to excite endogenous porphyrins within the bacteria,
leading to the generation of ROS, such as hydroxyl radicals
and hydrogen peroxide.**>*®

Microbial inactivation studies

As a proof-of-concept for microbial inactivation application, we
tested the biocidal effect with different Vis-to-UV UC emission
(UVA and UVC) and NIR-to-UVA UC emission generated from
Y,Si,0,:Pr**and Y,Si,0,:Pr’", Tm**Yb*" materials on biofilm

a)

View Article Online

Paper

formed by A. baumannii, S. aureus and C. albicans. A schematic
representation of the experiment is presented in Fig. 4a. There-
fore, we could evaluate the influence of the additional UVA
band generated by Tm*" doping on the anti-microbial efficiency
compared to the solely Pr** doped silicates. Biofilm, defined as
a structured gathering of microbes adhering to each other and/
or to a surface that is often embedded in a self-produced matrix
of extracellular polymeric material, is commonly used for
understanding the nature of microbial growth in different
environments.”” Additionally, it was indicated that biofilm
bacteria are more resistant to antimicrobials than planktonic
forms.*® Low penetration of antibiotics/disinfectants into the
biofilm, slow reproduction, and the existence of an adaptive
stress response constitutes a multiphase defense of bacteria,
making biofilm treatment difficult with effective doses of
biocidal agents.*®® The phototoxic effect of lanthanide-
doped Y,Si,O, powders on microbial cell viability after light
treatment was evaluated using MTT assay.”" This test provides a
simple method for determining cell viability using the well-
known and widely used reagent 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide that is converted by nicotine
adenine dinucleotide phosphate (NADPH)-dependent cellular
oxidoreductase enzymes to insoluble formazan. Thus, the used
assay determines cell viability in terms of reductive activity as

U
L.
.\
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Fig. 4

(a): A schematic representation of the proof-of-concept experiment for using doped Y,Si,O; powders for biofilm deactivation purposes. (b):

Viability of biofilm (S. aureus; A. baumannii, and C. albicans) cells after irradiation with 447 nm laser light (800 mW cm™2) in the presence of un-doped
Y55i,07; Y2Si,07:Prét, and Y,Si,07:Pr¥* Tm3*,Yb** and without them (control, 100% represents viability of non-irradiated cells). (c): Effectiveness of
generating oxidative species in biofilm irradiated by a 447 nm laser diode (800 mW cm™2) in the presence of un-doped Y,Si>O; Y,Si,0-:Pr¥*; and
Y,Si,07:Pré*, Tm3* Yb** phosphors.
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an enzymatic conversion of a tetrazolium compound to for-
mazan by dehydrogenases found in living cells. After solubili-
zation of the formazan with the isopropanol, the concentration
of the colorimetric probe was determined by optical density
measurement at 570 nm. The photo-biocidal effect of laser light
irradiation on biofilm formed by S. aureus, A. baumannii, and C.
albicans was first determined. It was found that the 447 nm
laser irradiation up to 10 min did not result in significant
microbial cell death (mortality did not exceed 14 + 2%), there-
fore all subsequent biofilm photo-eradication experiments were
carried out at a light dose of ~500 J cm™?, which is equal
to 10 min exposure of cells under laser light (447 nm,
800 mW cm ™ ?). The obtained results of photo-inactivation of
biofilm formed by S. aureus, A. baumannii, and C. albicans at the
presence of non-cytotoxic concentrations of the studied powder
materials (ESI;+ Table S3; 30 mg per well) are presented
in Fig. 4b. The most significant reduction in viability of
microbial cells after laser light treatment was observed
in the presence of Y,Si,0,:Pr*",Tm*",Yb*" phosphors. When
Y,Si,0,:Pr*", Tm**,Yb>* powder was used in the experiment as a
source of UV light, the viability of biofilm-forming microorgan-
isms depended on the species of pathogen and dropped down
to 45.5 + 2.5% (S. aureus), 39.0 =+ 3.0% (A. baumannii) and
36.5 &+ 2.5% (C. albicans). At the same time, the viability of cells
treated with solely Pr** doped materials and irradiated in the
same manner was also noticeably reduced (to ~65-75%),
suggesting that a DNA damaging mechanism could also be
involved. We expected that the lower cell viability with the use
of Tm** co-doped yttrium silicates powders is due to the UVA
light induced production of ROS that are toxic to living
cells.*>*® In order to validate this hypothesis, a fluorometric
assay with dichlorodihydrofluorescein diacetate (DCFH-DA)
was therefore carried out to detect oxidative stress in the
bacteria cells under the influence of light activated un-doped
Y,Si,05; Y,Si,05:Pr*", and Y,Si,0,:Pr**,Tm>",Yb®>" phosphors
(Fig. 4c).

As shown in Fig. 4c, after irradiating the biofilm for 10 min,
the yield of generated ROS compounds increased, compared to
the control sample (biofilm without irradiation), by ~54 + 2%
in the presence of Y,Si,0,:Pr** powders. This means that the
mechanism of phototoxicity of the solely Pr** doped materials
involves not only DNA damage, but also ROS generation. More-
over, the comparison of cell viability and ROS generation data
suggests that this mechanism dominates at the given experi-
mental conditions. The presence of Y,Si,O,:Pr*",Tm*" ) Yb*
resulted in more efficient generation of ROS (70 + 2%), in
comparison with the biofilm before irradiation. These findings
clearly show that the higher efficiency of bacterial cell photo-
killing in the presence of Y,Si,0,:Pr*",Tm**,Yb*" is the result of
increased production of ROS. Finally, it is worth noting that
very promising results on the destruction of both Gram-positive
and Gram-negative planktonic bacteria and eukaryotic cells
represented by C. albicans have been also obtained (the ESIt
section on bacterial inactivation studies and Fig. S4). It has
been shown that planktonic culture microbial cells can be
effectively killed by the Vis-to-UV UC light generated from
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lanthanide doped Y,Si,O; phosphors. Indeed, in some cases,
the viability decreased even down to ~2%, for example for
planktonic cells of A. baumannii incubated with 30 mg per well
of Y,8i,0,:Pr**,Tm**Yb®*" material and irradiated with a light
dose of ~350] cm™> (Fig. S4a, ESIt). As expected, the efficiency
of destroying planktonic cells was higher than that of the
biofilm, since it is well known that cells in a biofilm are more
resistant to destruction due to the presence of extracellular
polymeric substances, highly hydrated polymers that are
mainly composed of polysaccharides, proteins, and DNA, and
protect cells from environmental stresses. The cell viability
studies, which clearly demonstrated the higher deactivation
efficiency of microbials under combined UVA and UVC irradia-
tion from Y,Si,0,:Pr*",Tm**,Yb®" phosphors, have proven the
effectiveness of the Vis-to-UVA and Vis-to-UVC UC process by
co-doping Pr** and Tm*" in the system. Our results are con-
sistent with those previously reported by Karami et al.’> who
used NIR-activated-B-NaYF,:Yb/Tm@ZnO nanoparticles (NPs)
exhibiting significant antimicrobial activity against planktonic
cultures of two strains of S. aureus. It has been estimated that
the reduction in the number of viable cells was down to 78.8-
82.6%. Tou et al.>® synthesized core-shell-shell structures by
sequentially coating SiO, and ZnO NPs on the surface of
NaYF,:Yb*" Tm>" ones, and showed that under the 980 nm
excitation the studied material is capable for ROS generation
leading to the biocidal effect. Those approaches, however, used
980 nm as excitation which is much more absorbed by water
than 447 nm light used in the current study, and can lead to
unwanted heating. Additionally, the NIR-to-UV UC process
requires sequential absorption of more than two-photons to
occur, and thus higher power excitation is needed, again
leading to heat-related effects. Other authors showed signifi-
cantly higher antimicrobial activity of studied materials, but it
should be emphasized that in those approaches organic photo-
sensitizers (PS) were applied, and the systems worked based on
the energy transfer between lanthanide doped NPs and PS.
Zhang et al>' showed an excellent antibacterial activity of
NIR-activated LiYF,:Yb*",Er’* NPs conjugated with zinc B-
carboxyphthalocyanine and polyvinylpyrrolidone. The efficacy
results showed 4.0-4.5 log;, reductions in the viability of E. coli
and 5 logy, reductions in S. aureus (bactericidal activity was
higher than 99.99%). Liu et al,> studied the antimicrobial
activity of LiYF,:Yb>",Er** NPs loaded with Rose Bengal as a PS,
and it was found that these materials showed almost 100%
antibacterial efficacy against drug-resistant Acinetobacter bau-
mannii. Other types of NPs can also be considered for anti-
microbial treatments, i.e., it is known that among nanomater-
ials, silver (at low concentrations) is characterized by signifi-
cant antimicrobial activity. Silver ions (Ag") released from the
dissolution of metallic silver NPs are believed to be the basis for
these antimicrobial effects.”® However, attention should be
paid to the rational use of silver as a biocide. Previously, it
was shown that silver can be toxic to human cells.>” Argyria is a
serious disease that has been known for centuries, which is
the result of frequent application of silver. Other known
structures that have antimicrobial properties are Fe-doped,
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ZnO, Nb/N-doped ZnO and Cu-doped TiO,. It has already been
shown that the mortality rate of suspension cultures of various
microorganisms does not exceed 90%.

At the same time, the incorporation of Yb*' ions can
additionally offer an alternative NIR-to-UVA excitation pathway
via a 980 nm laser diode, which could be beneficial for deeper
light penetration. In fact we have performed a relevant experi-
ment (Fig. S5, ESIf), however, we were forced to use low
excitation powers since 980 nm light can lead to unwanted
heating of water containing solutions (~500 mW ¢cm™?). As can
be seen in the Fig. S5 (ESIt), the mortality rate of the tested
pathogens did not exceed 6% (and fit within the limits of
measurement error), thus showed that in this case the effect
of 980 nm light with a dose of ~300 J ecm 2, which is
equal to 10 min exposure of cells under laser light (980 nm,
500 mW cm?), on the viability of microorganisms was not
observed. Additionally, as a control experiment we also checked
the photo-inactivation of biofilm in which direct UV light
irradiation (without the addition of studied silicate powders)
was used to eradicate pathogenic cells. As can be seen in Fig. S6
(ESIT), ten minutes of irradiation of pathogens resulted in a
reduction in the number of viable cells forming a biofilm by
75 + 2%, 58 &+ 2% and 70 £ 2% for S. aureus, A. baumannii and
C. albicans, respectively. It should be noted, however, that the
application of inorganic luminescent materials in anti-bacterial
treatments offers several advantages when compared to stan-
dard antibiotic or UV light-based therapies. Such materials can
be very effectively incorporated within the surfaces and fabrics,
thus providing light activated decontamination, and, addition-
ally, being inorganic ones, they provide prolonged chemical
and optical stability (i.e. multiple anti-bacterial treatment
rounds are possible with the use of the same material).

Conclusions

In summary, a series of doped yttrium silicate powders was
synthesized to target biofilms formed by three different micro-
organisms (S. aureus, A. baumannii, and C. albicans) after
Vis light irradiation. The materials were designed to produce
up-conversion Vis-to-UV emission lines and by the careful
selection of doping ions (Pr’*, Tm?*, and Yb*") we were able
to obtain emission in UVC and UVA wavelength regions and
further study their impact on the bacteria viability rates. In
other words, we have shown yet another possibility to enhance
the anti-microbial efficiency of the so-called benchmark mate-
rial (ie. yttrium silicates) for Pr** based Vis-to-UVC up-
conversion. Additional co-doping with Tm>*" allowed the Pr**
— Tm>" energy transfer and the occurrence of an emission
band in the UVA region. The combined effect of UVA and UVC
emission generated via UC processes shows the potential for
more effective photo-eradication of biofilms and is even more
efficient for the planktonic cell destruction. It was also pre-
sented that the suspended microorganisms could be effectively
killed by different Vis-to-UVA/UVC emission generated from
Y,Si,0,:Pr*", Tm** ) Yb®* phosphors and in some cases the
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viability decreased down to ~2%. Based on the obtained
results, and comparison with the literature data, we believe
that with further optimization to enhance emission lifetime
and intensity, this system can potentially provide an alternative
to achieve the required biocide activity. Thus, the continuous
development of silicate phosphors and their derivatives with
superior performance is a priority for future research efforts. A
material capable of ca. 100 times greater Vis-to-UVC conversion
efficiency would almost certainly make an up-conversion anti-
microbial surface an effective and highly practical technology
with considerable advantages over existing antimicrobial con-
cepts. The lanthanide doped powders showing efficient Vis-to-
UV UC emission could be used as doping materials in non-toxic
polymers, for preventing direct contact between powders and
e.g. skin, and lead to the preparation of modern optically
activated in a site specific manner, self-sterilizing surfaces that
could be applied in various areas of human life. Additionally,
due to the potential site specify and on-demand laser light
activated mode of action, the bio-safety concerns of using UV
light should be sustained. One should realize that the wide-
spread use of antibiotics and biocides leads to the development
of cross-resistance of pathogens to these agents and the
search for non-chemical methods of combating microorgan-
isms is currently greatly increasing. Thus, we believe the pre-
sented luminescent powder-based solution towards
disinfection purposes can be considered as an interesting
alternative for already existing techniques, which, however,
require further development.
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