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ABSTRACT

Upconversion nanoparticles (UCNPs) co-doped with lanthanide ions have recently attracted
significant attention as fluorescent probes for super-resolution microscopy (SRM). This is due to
the advantages of UCNPs over other fluorescence probes, such as fluorescent proteins, owing to
their unique optical properties, limited photobleaching and sharp emissions. However, the
concurrent emission of ultraviolet (UV) wavelength radiation by UCNPs and the potential for
cell photodamage, which may limit useful live cell analysis, have been overlooked. Here,
UCNPs synthesised with eight commonly used combinations of Yb/Tm and Yb/Tm/Gd dopants
were excited by either pulsed or continuous wave (CW) lasers to evaluate their UV emission.
The ratio of emitted UV-A and UV-B were measured relative to blue emission at 475 nm, which
is traditionally used for imaging during SRM. We demonstrate that most UCNP samples emit
UV light and that the dopant concentration has a key role in generating UV emissions. In
addition, the use of pulsed or CW lasers for excitation could lead to a large variation in the
amount of UV emitted. This work highlights the importance of considering upconversion dopant
composition and concentration, as well as analysing the emission of synthesised UCNPs before
their use to prevent unwanted cell photodamage during live cell imaging by SRM. Moreover, it
established a need to improve the visible light emission of UCNPs with respect to UV emission

for SRM applications.



INTRODUCTION

Fluorescence microscopy is a widespread tool used to enhance our understanding of biological

interactions, especially spatial organization.!

It visualises the physiological details and
interactions of biological molecules with high sensitivity in real-time whilst being a low-invasive
technique.? However, fluorescence microscopes are characterized by their spatial resolution
limitation of 200 nm. This limitation is enforced by the light diffraction limit rationalised by
Abbe’s rule.> This weakness has limited the use of these microscopes as an effective tool in
biological sciences for the study of nanosized bio-structures, such as neurons and cytoskeletons.
The development of super-resolution microscopy (SRM) techniques has solved the resolution
limitations of fluorescence microscopy.® The prime technique in SRM is stimulated emission
depletion (STED), implemented by either pulsed or continuous wave (CW) lasers.>”” The SRM
approaches rely upon fluorescence probes that are capable of emission upon excitation by light in
an intensity range from W/cm? to GW/cm? (compared with fluorescence microscopy at mW/cm?
to W/cm?) and a specific wavelength, while being photostable.®

Recently, lanthanide ion-doped upconversion nanoparticle (UCNP) probes have gained
attention for SRM over the traditionally used organic fluorophores.” The UCNP probes have
advantages including sharp and tuneable light emission, long lifetimes, low background
autofluorescence and limited photobleaching.!® The most common co-doped UCNP ion pairs
used as a probe in SRM are Yb** and Tm>".!'! Yb/Tm based UCNPs produce bright emissions in
the blue region at 475 nm when excited by near-infrared (NIR) light at 980 nm. The NIR photon
is absorbed by the Yb** ion (sensitizer) and transferred sequentially to the Tm** ion (activator),
with consecutive energy transfer events exciting the Tm>* ion into the emissive 'D> state. The

D, state then emits blue fluorescence at 450 nm, undergoing a 'D, — 3F4 transition.



Additionally, this excitation pathway promotes a !G4 — >Hp transition that emits fluorescence at
475 nm. The blue emissions at 450 and 475 nm are imaged together through a NIR short pass
blocking filter in a microscopy setting due to the similar wavelength of these emissions.
Continual development of Yb/Tm doped UCNPs to achieve brighter blue emissions suitable for
imaging in SRM has been pursued.'? In that work, the focus has been on improving the
efficiencies of photon transfer processes and the lifetimes of the sequential Tm’" excited
states.!>!* A high concentration of Yb*" sensitizer improves the transfer of the photon to Tm?*" in
Yb/Tm doped UCNPs, while the core/shell structure of Yb/Tm UCNPs reduces surface
quenching effects, hence improving the upconversion efficiency.!*!® These strategies have been
implemented to produce brighter blue light emission from a given power density of 980 nm

excitation light.!”

However, this improvement in the blue fluorescence yield has a drawback. The
energy transfer process continues past the blue, generating fluorescence in the ultraviolet (UV)
range (wavelengths 280 to 400 nm). Thus, Yb/Tm doped UCNPs imaged near or inside of cells
will have the ability to emit UV light in this wavelength range too.

While some studies intentionally generate UV light from UCNPs to directly influence or kill

cells!'8-20

, most imaging applications do not consider the emissions in this range. This raises
questions as to whether some UCNPs have significant energetic UV emissions that are not being
detected, commonly due to most spectral systems having difficulty readily characterising UV
emissions. While UV emissions are rarely studied and do not contribute to standard imaging
experiments, UV emission is potentially damaging to the cells under study at such close range.
The UV light spectral region is subdivided into three distinct regions UV-A (wavelengths

between 320 to 400 nm), UV-B (wavelengths between 280 to 320 nm) and UV-C (wavelengths

between 200 to 280 nm).>! UV light causes cell phototoxicity by intracellular interactions or



generating reactive oxygen species (ROS) that consequently cause oxidative damage to the cell.
DNA strand break and thymidine dimerisations, UV response activation apoptosis and toxic
reactive oxygen species (ROS) generation (endogenous and exogenous) have been identified as

the main causes of cell damage by UV light (Scheme 1).%?



Scheme 1. Excitation of lanthanide-doped upconversion nanoparticles (UCNPs) with near-
infrared (NIR) light and the associated upconversion emissions in the UV-A, B and visible
regions. The Yb*>" is shown as blue and Tm?" in pink in the UCNP in the scheme. The visible
emissions at 450 and 475 nm are desired for super-resolution microscopy (SRM); however,
certain lanthanide-doped materials, such as Tm/Yb doped UCNPs, also emit UV-A and UV-B
light. The potential cell damage by the emitted UV light is presented when it causes damage to
biological molecules, e.g. DNA strand breakage/base dimerization, initiates apoptotic pathways,
or interacts with endogenous (e.g. NADH) or exogenous (e.g. GFP) molecules to generate
reactive oxygen species. Components adapted with permission from Ref.?2. Copyright 2020 IOP

Publishing Ltd. Created with BioRender.com.
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This paper reports the UV emission properties for several UCNPs designed for SRM
applications. Eight UCNPs, based on NaYF4+Yb/Tm, NaYbF4+Tm and NaYbFs:Tm/Gd
structures, were synthesized and characterized for this purpose. The presence and extent of UV
emissions under continuous and pulsed excitation regimes were measured using UV sensitive
detector systems, with the potential negative impact of high energy emissions from these UCNPs
on a surrounding biological sample discussed. The findings from this work suggest that a correct
measurement of emission across the UV range, in addition to the targeted visible emission

measurements, should be strongly considered when developing UCNPs for SRM applications.

RESULTS AND DISCUSSION

Synthesis, composition, and morphology. Lanthanide-doped UCNPs, NaYb(100-
x%)F4:Tm(x%) (x = 1, 2.5, 5 and 10 mol%), NaY(100-x%)F4:Yb(18%)/Tm(x%) (x = 1 and 5
mol%) and NaYb(100-x%)F4:Tm(0.5%)/Gd(x%) (x = 5 and 20 mol%), were synthesized via the

thermolysis method (Scheme 2).%



Scheme 2. Methods used to synthesize the lanthanide-doped upconversion nanoparticles. (a)
Synthetic procedure for hexagonal B-NaYF4:Yb/Tm materials and (b) for hexagonal f-

NaYbF4:Tm UCNPs. Created with BioRender.com.
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Powder X-ray diffraction (PXRD) data for NaYb(100-x)F4:Tm(x) and NaY(100-
x%)F4:Yb(18%)/Tm(x%) samples confirmed all materials are crystalline, with the diffraction
peaks indexed to the hexagonal B-NaYbF4 (# 27-1427) and hexagonal B-NaYF4 (# 16-0334)
structures (Figure la and Table S1). The only exception is nanoparticle sample
NaYb(90%)F4:Tm(10%) which shows a small trace of the cubic structure of a-NaYbF4 (# 77-
2043) (Figure 1a and Table S1). The 5% Gd loaded sample of NaYb(100-x)F4:Tm(0.5%)/Gd(x)
shows diffraction peaks that match a mixture of hexagonal B-NaYbF4 (# 27-1427) and cubic a-
NaYbF4 (# 77-2043) structures (Figure la and Table S1). In comparison, the sample with 20%
Gd loading shows a predominately hexagonal structure with a small trace of the cubic structure
(Figure 1a and Table S1). In the presence of Gd*", the formation of a phase pure hexagonal B-

NaYbFs host material by the thermolysis method was challenging despite using a well-



established two-step synthesis procedure (160°C for 1 hour to form the cubic a-phase, then
320°C for 40 minutes to convert cubic a-phase to hexagonal B-phase). Potentially, this issue
could be overcome by adjusting the synthesis protocol, including the ratio of OA to ODE, the
synthesis time, the use of different precursor salts, etc. As altering the synthesis parameters may
affect the surface chemistry of the NP samples, leading to different emissions, we avoided this
approach.

Transmission electron microscopy (TEM) images revealed that the synthesized UCNPs are
uniformly sized, as shown by the mean particle sizes for each NP sample (Figure 1b to i,
Table S1 and Figure S9-11). The as-synthesised hexagonal NaYbF4 based samples are larger, as
expected, as increasing the Yb>" concentration and the synthesis time will normally lead to an
increase in particle size (Figure 1d to g, S9-11). While this could be overcome by increasing the
oleic acid (OA) to 1-octadecene (ODE) ratio in the synthesis and altering the other synthesis
parameters,”* the same ratio of OA to ODE was used in the synthesis of all NPs for consistency.
The composition of the nanoparticles, primarily determined by the feed ratios of the components,
was confirmed by Energy Dispersive Spectroscopy (EDS) as well as inductively-coupled plasma
mass spectrometry (ICP-MS). EDS analysis showed that the Tm concentrations were
approximately 1 and 5 mol%, as expected, in the NaY(100-x%)F4:Yb(18%)/Tm(x%) (x=1 and 5
mol%) NP samples, respectively (Table S1 & Figure S1 to S2). The Tm dopant concentration
was measured to be 1, 2, 5 and 11% for the NaYb(100-x%)F4:Tm(x%) (x=1, 2.5, 5 and 10
mol%) NP samples, respectively (Table S1 & Figure S3 to S6). Finally, the Gd concentration
was also measured to be 5 and 28%, while the Tm concentrations were found to be negligible for
NaYb(100-x%)F4:Tm(0.5%)/Gd(x) (x=5 and 20 mol%) NP samples, respectively (Table S1 &

Figure S7 to S8. Note that the figures in Figures S1 to S8 show SEM-EDS measurement results

10



rounded to whole numbers). In the SEM-EDS, Tm and Gd elemental doses were calculated
based on Yb values and Tm/Yb and Gd/Yb ratios. ICP-MS data for the UCNP samples supported
these results, confirming Tm concentrations of 0.9% and 4.8% in NaY(100-
x%)F4:Yb(18%)/Tm(x%) (x= 1 and 5 mol%), respectively (Table S1 & S2). Similarly, the Tm
dopant concentration was measured to be 1.0, 2.5, 5.0 and 10.1% for the NaYb(100-
x%)F4:Tm(x%) (x=1, 2.5, 5 and 10 mol%), respectively. Finally, the Gd concentrations were
found 4.9 and 20.0% while the Tm concentrations were 0.4 and 0.3% for NaYb(100-
x%)F4:Tm(0.5%)/Gd(x) (x=5 and 20 mol%) NP samples, respectively. Overall, the combined
EDS and ICP-MS results confirmed that the Tm and Gd dopant concentrations broadly matched
those used in the synthesis, and moreover, that the distribution of dopants was relatively
homogenous, e.g. surface-sensitive EDS data matched that for the bulk sample determined by

ICP-MS.
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Figure 1. PXRD data and TEM images for the as-synthesised UCNP samples. (a) PXRD data for

the NaYb(100-x)F4:Tm(x) (x=1, 2.5, 5 and 10 mol%), NaY(100-x%)Fa:Yb(18%)/Tm(x%)(x=1
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and 5 mol%) and NaYb(100-x)F4:Tm(0.5%)/Gd(x) (x= 5, 16.5, and 20 mol%) UCNP samples.
The PDF cards for a-NaYFs # 06-0342, B-NaYF4 # 16-0334, o-NaYbF4 # 77-2043 and B-
NaYbFs # 27-1427 are also presented. (b) TEM images for the as-synthesised hexagonal
structure  of  B-NaY(81%)F4:Yb(18%)/Tm(1%), (c) hexagonal structure of fB-
NaY (77%)F4:Yb(18%)/Tm(5%), (d) hexagonal structure of B-NaYb(99%)Fs:Tm(1%), (e)
hexagonal structure of P-NaYb(97.5%)Fs:Tm(2.5%), (f) hexagonal structure of p-
NaYb(95%)Fs:Tm(5%), (g) hexagonal structure of B-NaYb(90%)Fs:Tm(10%). The pB-
NaYb(90%)Fs:Tm(10%) UCNP sample shows a small trace of the cubic structure of a-NaYbFs
while the majority of the sample is hexagonal structure B-NaYbF4 as confirmed by the PXRD
data, (h) NaYb(94.5%)F4:Tm(0.5%)/Gd(5%). The NaYb(94.5%)F4:Tm(0.5%)/Gd(5%) UCNP
sample shows a mixture of hexagonal B-NaYbFs and cubic a-NaYbFs structures, (i)
NaYb(79.5%)F4:Tm(0.5%)/Gd(20%) UCNP. The NaYb(79.5%)Fs:Tm(0.5%)/Gd(20%) UCNP
sample shows a small trace of the cubic structure a-NaYbFs while the majority of the sample is

hexagonal B-NaYbF; as confirmed by the PXRD data.

Excitation Power Density Used. UCNP samples can be excited by continuous laser

sources, which offer high average power, or by pulsed lasers, which offer relatively low average
power but can produce a large amount of light in a short period. Both pulsed and CW lasers are
routinely used to excite UCNPs in microscopy; however, the behaviour of an upconversion
material often changes depending on the power regime used (high average power or high peak
power). To investigate this, different excitation lasers were used to excite the samples studied,
with a CW diode laser allowing high average power and a pulsed optical parametric oscillator
producing high peak excitation power. The CW measurements were conducted using a 980 nm

solid-state diode laser with its power adjustable over 50 mW to 2 W. The emission spectra of the

13



samples were collected at 75 mW spread over a beam spot size of 40 mm?, exciting the samples
at a power density of 0.185 W/cm?. This laser was additionally used in the CW slope dependence
measurements up to a maximum value of 4.5 W/cm?. In comparison, the spectra for the samples
under high peak power excitation were produced by a flashlamp pumped optical parametric
oscillator (OPO) laser set at 980 nm which fired pulses 5 ns in length at 20 Hz. The laser had an
energy of 0.8 mJ per pulse and was focused down to a spot size of 2 mm, resulting in a peak
power of 0.16 MW and a power density of 5.1 MW/cm?. A second OPO laser was used for the
high peak power slope dependence measurements due to its wider accessible range pulse of
energies. This OPO fired pulses of 5 ns in length at 10 Hz with maximum energy at 980 nm of
7.5 mJ over a 5 mm diameter beam, giving a peak power density approaching 8 MW/cm?.

While optical techniques can vary greatly between research groups, the excitation power
densities used in this paper (hundreds of mW/cm? to several W/cm? for CW excitation and
several MW/cm? for pulsed excitation) is representative of many examples of UCNP excitation

and STED microscopy.?>%’

Emission spectra. To examine the factors that govern the presence and extent of UV

emission for UCNPs, including nanoparticle composition and excitation mode, the synthesised
UCNPs were excited under continuous and pulsed excitation regimes and the emission was
measured using a visible and UV sensitive detector system. The power density for the pulsed and
CW lasers was kept unchanged for the excitation of all NP samples to allow comparison of the
emissions. The NaYb(99%)F4+:Tm(1 mol%) and NaYb(97.5%)F4:Tm(2.5 mol%) NP samples
were the brightest of the eight samples with strong blue emissions at 450 and 475 nm. These also
gave UV-A and B emissions at 289, 345 and 361 nm when excited by the pulsed laser (Figures

2a, b and c). Under non-saturated conditions, UV emission is considerably less likely than blue

14



emission, due to the UV emission requiring additional transfers of energy from the sensitizer ion
('Gs — *He  Iex3 (475 nm), D2 — 3Fa, 'D2 — 3Hg o Lex* (455, 362 nm), 'Is — °Fa, 'Is — *He
lex5 (345, 289 nm)). If this model for excitation is used, any UV lines shorter than 362 nm would
have low intensities relative to the blue emission lines. However, due to the high sensitizer
(Yb*") to activator (Tm>") ion ratio, a saturation of the Tm energy levels results in much higher
UV emission than a non-saturated model suggests. The 'Is — 3Hg peak has a significantly lower
intensity than the other transitions and, as such, this emission line is difficult to observe for any
other samples. Similar to the data with the pulsed laser, in a CW laser excitation experiment, the
NaYb(99%)F4+:Tm(1%) and NaYb(97.5%)F4:Tm(2.5 mol%) again showed among the strongest
blue wavelength emissions (Figure 2d and e), although NaY(81%)F4:Yb(18%)/Tm(1%) and
NaYb(94.5%)F4:Tm(0.5%):Gd(5%) samples had relatively brighter blue emission. CW
excitation of the Gd doped samples showed a noticeable emission peak at 311 nm, compared

with pulsed laser excitation, with a much lower excitation intensity.
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Figure 2. Emission spectra for UCNP samples excited by pulsed and CW lasers. (a) Emission

spectra for pulsed laser excitation, and (b and c¢) enlargements of the emission spectra for the
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UV-A and B regions for brightest and less bright NP samples excited by pulsed laser. (d)
Emission spectra for CW laser excitation, and (e) enlargement of the emission spectra for the

UV-A and B emissions excited by CW laser.

The emission peaks from UCNP samples were further analysed to assess the significance of
the UV emission relative to the blue emission. For this purpose, first, the peak intensity for each
sample was extracted and presented based on dopant concentration changes (Figures 3a and c, 4a
and c, 5a and c). Then the ratio of combined peaks in the UV-A (320 to 400 nm) and UV-B (280-
320 nm) ranges to the blue (475 nm) peak for each sample was calculated, based on the area
under the curve for each peak (Figure 3b and d, 4b and d, 5b and d). For the NaY(100-
x%)F4:Yb(18%)/Tm(x%) (x = 1 and 5 mol%) samples, the 1% Tm doped sample showed higher
peak intensity for the 289, 345 and 361 nm peaks, when excited by pulsed laser (Figure 3a). The
UV-A ratio to 475 nm peak was also much higher than the UV-B ratio for the 1% Tm sample in
the pulsed laser excitation mode (Figure 3b). This result reveals that in NaYF4 UCNPs, a lower
Tm composition may lead to a higher chance of generating UV emissions. This behaviour could
be due to a reduced number of emitting ions and this appears to be suppressed by increasing the
Tm doping. A similar observation occurs when the NP samples were excited by the CW laser
(Figures 3¢ and d). The emission peak intensity for the 1% Tm sample again showed a higher
value than the 5% Tm sample (Figure 3¢). The 1% Tm sample showed a larger UV-A to 475 nm
emission ratio (Figure 3d), while the ratio of UV-B to 475 nm is similar for both 1 and 5% Tm

samples under CW laser excitation (Figure 3d), highlighting the importance of irradiation setup.
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Figure 3. Emission peak intensities and ratios of UV-A and B to the 475 nm peak for NaY(100-
x%)F4:Yb(18%)/Tm(x%) (x = 1 and 5 mol%). (a) Emission peak intensity data excited by the
pulsed laser, with the lower emission peaks are shown in the inset, (b) ratios of UV-A and B to
the 475 nm peak excited by the pulsed laser, (c¢) emission peak intensity data excited by the CW

laser, and (d) ratios of UV-A and B to the 475 nm peak excited by the CW laser.

For samples of composition NaYb(100-x%)F4:Tm(x%) (x = 1, 2.5, 5 and 10 mole%) excited
by the pulsed laser, the intensity of emission at 345, 361, 450 and 475 nm declines upon
increasing the Tm loading from 1% to 10% (Figure 4a). This reduction in brightness can be
explained by the combined effects from quenching caused by higher activator concentration
(Tm*) and improved upconversion efficiency by increasing the sensitizer concentration

Yb*").2%2 Interestingly, despite the 1% Tm loaded sample giving the most intense emission
gly p p
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overall, the sample with 2.5% Tm loading showed the highest ratio of UV-A and B to 475 nm
emission among all four samples excited by pulsed laser (Figure 4b). This is due to the 475 nm
peak in the 1% Tm loaded sample having a considerably higher emission intensity compared
with the other samples. The ratio of UV-A and B to 475 nm emission decreased in the following
order: 2.5> 5> 1> 10% Tm doped samples, respectively (Figure 4b). This result demonstrates
that although the sample with 1% Tm loading gives the most intense emission among these four
samples (Figures 2a and 4a), the 2.5 and 5% Tm doped NP samples emit a larger proportion of
UV radiation.

For excitation with the CW laser, again the sample with 1% Tm loading showed the most
intense emissions at 345, 361, 450 and 475 nm among all these NP samples (Figure 4c), while
the NP samples with 5 and 10% Tm loading showed the highest ratio of UV-A and B to 475 nm
emission, respectively (Figure 4d). These results reveal that both the ratio of emissions at
particular wavelengths and the emission intensities need to be considered to reduce the
probability of phototoxicity in SRM applications. Of the four NaYb(100-x%)F4:Tm(x%) NP
samples excited by the pulsed laser, both lower (1%) and higher (10%) doping leads to less
pronounced UV emission relative to the desired 475 nm emission. However, the 475 nm
emission is notably brighter for the 1% Tm sample (Figures 4a). In contrast, when these four
samples are excited by the CW laser, the sample with 2.5% doping emits less UV emission
relative to the 475 nm emission, while the 5% Tm doped sample emits the most intense UV
emission relative to the 475 nm emission, definitively highlighting the importance of considering

how the UCNPs are excited in an SRM application (Figure 4c and d).
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Figure 4. Emission peak intensities and ratios of UV-A and B to the 475 nm peak for NaYb(100-
x%)F4:Tm(x%) (x = 1, 2.5, 5 and 10 mol%). (a) Emission peak intensity data excited by the
pulsed laser, (b) ratios of UV-A and B to the 475 nm peak excited by the pulsed laser, (c)
emission peak intensity data excited by the CW laser, and (d) ratios of UV-A and B to the 475

nm peak excited by the CW laser.

Gd-doped UCNPs have attracted attention recently as a fluorescent probe for STED
microscopy due to their ability to reduce depletion saturation intensity. Gd dopants create
massive energy migration networks that move energy from the luminescent centre to surface
quenchers. Consequently, STED microscopy using these nanoparticles benefits from a lower-
intensity light source to deplete photons.’® While, the Gd dopant in UCNP has addressed a

fundamental problem with STED microscopy (high-intensity depletion), it also produces UV
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emission at 311 nm. With Yb/Tm co-doped UCNP exhibiting UV emission, we used NaYbF4
host structure to investigate Gd effects on UV generation. In these UCNP samples, the Tm?*"
concentration was reduced from 1 mmole to 0.5 mmole to emphasize Gd** effects.

As the PXRD results (Figure la) demonstrated for the as-synthesized Gd-doped UCNP
samples, a quantity of the a-NaYbFs host possesing a cubic crystal structure was formed in
addition to the desired hexagonal B-NaYbF4 crystal host phase. In the emission investigation

conducted herein, the cubic a-NaYbFs crystal form is considered to be essentially silent and
should not contribute to the emissions. Due to their structures, hexagonal B-NaREF4 crystal
structures (RE= rare earth, e.g. B-NaYbF4 and B-NaYFs) are generally regarded as more efficient
than their cubic counterparts.:2 In both of these host UCNPs, emission from the cubic phase is
extremely weak, due to a number of structural differences. In particular, the hexagonal B-NaYF4
crystal structure has lanthanide sites in low-symmetry positions where distorted electron clouds
are heavily coupled to the lattice. In comparison, the cubic crystal structue has random
substitutions between the lanthanide cations and the Na* ions within the crystal lattice. This
inevitably complicates their bonding, and thus the cubic phase suffers from a greater energy loss
than the hexagonal phase.3* Additionally, there is a smaller distance between adjacent lanthanide
ions in the hexagonal structure, 3.548 A compared to 3.868 A in the cubic form.3! For these
reasons, typically the upconversion efficiency of lanthanide-doped NaYFs with a cubic structure
is considerably lower than that of the hexagonal NaYF4 forms.® For example, the hexagonal B-
NaYF, crystal structure facilitates the emission of Er3* lanthanide ions with a four times higher
efficiency than cubic a-NaYF4 crystal structure.3® Although, potentially a Gd-doped UCNP with
pure hexagonal NaYbF4 host crystal could be synthesized by adjusting the synthesis procedure,

for consistency and to prevent changing the surface chemistry of the as-synthesized UCNPs, the
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same synthesis protocol was used to synthesize these NPs resulting in the analysis necessarily

involving a small amount of the weakly emitting cubic phase.

For the NaY(100-x%)F4:Yb(18%)/Tm(0.5%)/Gd(x%) (x = 5 and 20 mole%) samples excited
by pulsed laser, the emission peaks at 289, 311, 345, 450 and 475 nm for the 5% Gd sample were
of higher intensity compared with higher 20% Gd loaded sample (Figure 5a). The new peak
observed at 311 nm is due to Gd emission in both samples. Interestingly, the peak intensities for
these two samples were notably higher when excited by CW laser (Figure 5¢). This in turn leads
to a much higher ratio of UV-A and B to 475 nm emission in CW laser excitation mode
compared with pulsed laser excitation mode (Figure 5b, d). The UV-A to 475 nm ratio of
emission is higher for 5% Gd doped UCNPs, while the UV-B to 475 nm is higher at 20% Gd
doped materials in both pulsed and CW laser mode (Figure 5b, d). These results indicate that Gd
doping could play a key role in the UV light generation of these NP samples, possibly by the
formation of crystal defects. It has been shown previously that crystal defects change the
symmetry around the lanthanide emitter ions in the crystal structure, leading to better energy
transfer and enhanced upconversion luminescence.*> Hence, the phototoxicity of the NaYb(100-
x%)F4:Tm(0.5%)/Gd(x%) NP samples for SRM applications may directly be correlated with the

Gd loading and concomitant changes in the crystal structure.
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Figure 5. Emission peak intensities and ratios of UV-A and B to the 475 nm peak for NaYb(100-
x%) F4: Tm (0.5%)/Gd (x%) (x = 5 and 20 mol%). (a) Emission peak intensity data excited by
the pulsed laser, (b) ratios of UV-A and B to the 475 nm peak excited by the pulsed laser, (c)
emission peak intensity data excited by the CW laser, and (d) ratios of UV-A and B to the 475

nm peak excited by the CW laser.

The as-synthesised UCNP samples were all confirmed to generate UV emissions in the UV-A
and B regions. The UV light generated from the same host crystal structure is directly correlated
with the dopant concentration and whether a pulsed or CW laser is used for excitation. The
amount of dopant concentration also affects the intensity of blue light emission, which is
required for SRM. Therefore, adjusting the dopant concentration and conducting analysis of the

emissions of any new UCNPs should provide a route to enhance the blue light emission, whilst
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reducing the UV emission, and thereby facilitate the development of more efficient and

biologically benign fluorescence probes for SRM.
Excitation power dependency of visible and UV emission. In the UCNPs, visible

and UV emission is generated from the Tm>" ion by sequential energy transfer from the Yb>* ion.
This process involves four energy transfer steps to cause emission from the D> level in Tm®*,
and five steps to reach the 'Is level (Figure 6a). This process can be experimentally verified by
adjusting the excitation intensity incident on the sample and measuring the change in intensity at
each emission wavelength peak.*® The change in emission compared to excitation intensity is

37 and

directly proportional to the number of photons being used in the upconversion process,
therefore, when the data is presented in a log-log plot, the power dependency is given by the
slope of the excitation/emission curve. The excitation power dependency was measured for all
the as-synthesised NP samples. The power dependency for the NaYb(95%)F4:Tm(5%) sample
excited by pulsed laser is given in Figure 6b, while the slope values for all samples excited by
both pulsed and CW lasers are presented in Tables S3 and S4, respectively. It should be noted
that the experimentally determined slope values are less than the ideal values, as is often
observed.*®* This is primarily due to Tm** - Tm?" cross relaxation improving the photon

efficiency of the system*’ (Figure 6a), especially in the CW case, as well as minor saturation

effects at the high intensities used during both CW and pulsed excitation.
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Figure 6. An energy diagram showing an ideal energy transfer process, and power dependence
graphs for the UV and blue emissions from NaYb(95%)F4+:Tm(5%) excited by the pulsed laser.
(a) The schematic shows energy transfer mechanism of Yb>" to Tm?". (b) The observed slope
values are less than the ideal values, but the UV energy dependence is clearly higher than either

of the visible emissions and no saturation is observed.

These slope values are important as they show that the UV emissions are not uniquely
saturated in comparison to the visible emission and that raising the excitation intensity incident
on the samples will increase the UV emission more, relative to the visible emission. Considering
the NaYb(95%)F4:Tm(5%) case depicted in Figure 6b, if a microscopy experiment required the
blue emission at 475 nm to be arbitrarily four times as bright, the excitation laser energy only

needs to be increased two times the original intensity due to the 2-photon process occurring. This
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two-times increase in excitation power causes the other blue emission to amplify to
approximately 8.5 times its original value, however, and the UV peak at 345 nm magnifies to
over 25 times as intense. Some reports of STED have utilised CW excitation power densities in
excess of what is demonstrated in this report, reaching above the kW/cm? level.'>*! Despite the
upconversion pathways eventually saturating under these conditions, the UV light generation
under this excitation power regime would be even higher than has been demonstrated in this

work.
Difficulties in Correct UV Emission Detection. It is of high importance for SRM

applications of new fluorophores, like UCNPs, that measurement of the UV range be undertaken,
as the difficulty of detecting this range can often lead to the erroneous assumption that a lack of
detected UV emissions represents a true lack of emissions, with the true emission peaks simply
being unobserved. Fluorescence emission can be difficult to detect and quantify in the UV range
as a result of the intense absorption of UV light by many materials, including optical glass which
is designed to have high transparency in the visible regime. This leads to an experimental bias
where even strong UV light produced will not be measured and therefore not considered in its
impact on the surrounding biological environment. To correctly analyse UV peaks without
significant bias, the transparency of fibres, lenses, objectives, and filters should be assessed, as
well as the ability of the spectrometer to detect the UV range.

Lenses and filters created using borosilicate, N-BK7 or sapphire glass have substantial
absorption and will easily completely block the detection of UV light. This includes microscope
slides or coverslips if they are placed in the light collection path. Often the specialised coating
layer on interference filters will also have significant UV absorption that prevents meaningful

measurements. If optical components are required for filtering or analysis, a common choice of
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material is calcium fluoride, due to its high UV/visible/NIR transmission as well as its robustness
and affordability compared to other fluoride glasses. Fused silica or quartz glass components are
also popular but do exert some small deviations to the true UV intensity due to slightly increased
absorption over the UV-B range. This is small enough to be compensated for if a response curve
is known, such as is done for optical components in commercial spectrofluorometer systems.

Most visible/NIR detectors based on silicon imaging sensors do have some sensitivity below
350 nm, but this generally decreases to approximately a quarter of the visible light quantum
efficiency by 300 nm.*>** Many fixed grating systems ignore this range however in favour of the
optimised resolution and efficiency across the visible and NIR range through the choice of
grating material and position that is often detrimental to UV detection.

To examine the ability of a given spectrometer and collection optics to detect UV emission,
mercury calibration lamps are useful sources of bright, sharp peaks in the UV and visible region
with well-defined emission wavelengths.***> These can be found as small, low-powered and
portable sources for easy calibration of bench-top spectrometer systems. Strong lines are present
across the UV-A, UV-B and UV-C range and detection of these lines is positive confirmation
that a spectrometer system is appropriately capable of UV light detection.

Water and most buffer systems offer acceptable UV transmission to allow for fluorescence
peak detection; however, biological media often do not. This includes intracellular analysis,
where the high transmission of an infrared excitation source and the emitted visible light are not
matched by any UV emission, which is effectively absorbed by many parts of the cell including
proteins*® and DNA.*” The consequence of this is that measurements to detect UV emission from
doped nanoparticles cannot be undertaken while in a biological medium. The lack of detected

UV emission could be falsely interpreted as a lack of UV light being produced, when the
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emission is simply much more strongly absorbed relative to the visible light or NIR emission,

and potentially influencing the environment in ways that are unaccounted for.
Potential impact of UV emission from UCNPs on the biological environment.

Most studies on the biological impact of UV radiation have been focused on skin cancer caused
by UV light from the sun.*®* UV-C has the highest energy level and causes the greatest
biological damage, followed by UV-B and then UV-A.*° Biological damage from exposure to
UV light is mainly caused by the absorption of UV light by intracellular biomacromolecules or
photosensitizing interactions via exogenous or endogenous reactions that generate ROS.>!>? The
main mechanism of cell damage by UV-A radiation is the interaction of UV-A with cellular
chromophores (which act as photosensitisers) to generate ROS that damage DNA and the
proteins that repair damaged DNA.>* UV-A absorption by cellular chromophores generates a pair
of radicals, including a photosensitizer anion and a target cation. The photosensitiser anion can
generate superoxide, which can be converted into hydrogen peroxide and hydroxyl group via a
series of reactions. Guanine (one of the building blocks of DNA and RNA), when excited by
UV-A, reacts with water to form 8-hydroxy-7,8-dihydroguanyl radical which then oxidises to 8-
0x0-7,8-dihydroguanine (8-oxoGua) by reaction with molecular oxygen.** UV-B directly
damages cellular DNA by forming bulky adducts such as double-stranded breaks (DSBs) and
cyclobutane pyrimidine dimers (CPDs), as well as generating ROS like UV-A.> The UV-B
radiation specifcally generates ROS following absorption by chromophores such as carotenoids,
vitamin A, pyridoxamine, eumelanin and phaeomelanin, and heme groups.>¢

The wavelength and intensity of the light emitted, the exposure duration and biological sample
type are important factors influencing the potential for cell damage in microscopy analysis.>” The

photosensitivity of U20S, COS-7 and HeLa cells has been studied at 405, 488, 514 and 558 nm
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irradiation wavelengths for SRM,>® and the study used both pulsed and CW lasers. While 100%
of cells survived exposure to 514 nm wavelength light, the higher energy 405 nm wavelength
light led to all cells being unviable. This was despite the 514 nm wavelength experiments being
performed at an exposure duration of 4 times longer and with a laser power 10 times higher than
used in the 405 nm wavelength case. While this is concerning for cell viability in SRM
applications, it is worth noting that the UV emissions from the UCNPs shown in our study are
related to the emission of light by UCNPs after near IR excitation. The UCNP UV emissions
have lower fluxes in comparison to excitation laser used in the above study.

The as-synthesised UCNP samples emit three peaks in the UV region at 361 nm (‘D>—>Hg),
345 nm ('Ie—>F4) and 290 nm (Ie—>Hg), with the Gd doped UCNPs samples showing an
additional peak at 311 nm (°P72,—%S72)*’. The amount of UV- A and B generated by UCNP
probes may not cause an immediate impact on the biological samples being examined by SRM;
however, these UV emissions could cause phototoxicity in long dynamic imaging of live cells or
more sensitive biological samples using SRM. Therefore, a consideration particularly needs to be
given to the effects over a longer experiment or if the high excitation laser power is used in
combination with particular UCNP fluorophores. In terms of the improvement of existing UCNP
fluorophores or the development of new materials, there are opportunities to reduce the UV-A

and B generation by modifying dopant types and ratios used.

CONCLUSIONS

UCNPs are in continuous development as fluorescence probes for the SRM due to their
inherently favourable photoluminescence characteristics. This study evaluated the UV emissions

generated from UCNPs that have the potential to cause phototoxicity (cell damage). Eight
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combinations of Yb/Tm and Yb/Tm/Gd doped UCNPs were synthesised and the UCNPs were
excited by pulsed or continuous wave (CW) lasers.

We found that a lower Tm activator loading, of 1 mol%, in a NaYF4:Yb/Tm UCNP will lead to
higher UV-A and B emissions relative to the desired emission at 475 nm when excited by a
pulsed or CW laser. However, in UCNPs with a NaYbF4:Tm structure, NPs with an intermediate
Tm loading of 2.5 and 5 mol% showed higher UV emissions compared to 1 and 10 mol% doped
materials when excited by both pulsed and CW lasers. Moreover, for NaYF4:Yb/Tm/Gd
nanoparticles, samples excited by the CW laser showed significantly higher UV emissions
compared with a pulsed laser excitation methodology. Importantly, the work has shown that
most samples emitted UV radiation but that the dopant concentration and the ratio of activator to
sensitiser have a significant impact on the amount of UV generated relative to the desired visible
emission at 475 nm. The use of pulsed or CW lasers for excitation of the UCNPs also leads to a
large variation in the amount of UV light produced relative to the visible emission.

Overall, these combined results highlight the importance of carefully tailoring the
upconversion dopant concentration, as well as undertaking detailed fluorescent analysis on
synthesised UCNPs. These detailed spectroscopic studies need to consider the challenges of
measuring emitted UV light and the experimental biases present in standard characterisation
workflows and apparatus. These actions are deemed necessary to prevent potential unwanted cell
photodamage during live cell imaging by SRM and to improve the performance of new UCNPs

being developed for SRM applications.

EXPERIMENTAL SECTION

Raw materials. Gadolinium (III) chloride hexahydrate (Sigma-Aldrich, 99%), thulium (III)

chloride (Sigma-Aldrich, 99.9%), ytterbium(III) chloride hexahydrate (Sigma—Aldrich, 99.9%),
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yttrium (IIT) chloride hexahydrate (Sigma-Aldrich, 99.9%), ammonium fluoride (Chem—Supply,
98%), sodium hydroxide (Sigma—Aldrich, 99.99%), 1-octadecene (Sigma—Aldrich, technical
grade, 90%), Oleic acid (Sigma-Aldrich, technical grade, 90%), methanol (Sigma—Aldrich,
99.9%), ethanol (Chem—Supply, 100%) and cyclohexane (Chem—Supply) were obtained from

commercial sources and used without further purification.
Synthesis of nanoparticles. The NaYb(100-x)F4:Tm(x) (x = 1, 2.5, 5 and 10 mol%) and

NaYb(100-x)F4:Tm(0.5%)/Gd(x) (x = 5 and 20 mol%) were synthesized via a similar method to
that previously reported!® with slight modifications. NaYb(100-x)F4:Tm(x) (x = 1, 2.5, 5 and 10
mol%) and NaYb(100-x)F4:Tm(0.5%)/Gd(x) (x = 5 and 20 mol%) were synthesized via the same
method with the following modifications: after the addition of the NaOH/NH4F solution and
evaporation of methanol, the suspension was heated to 160 °C for 1h then to 320 °C for 40

minutes.?*
Characterization. Powder X-ray diffraction (PXRD) data were collected on a MiniFlex

600 (Rigaku, Cu Ka, A = 0.15418 nm). Samples were mounted in a flat plate holder and the data
was collected with the instrument operating at 40 kV and 15 mA by scanning 26 from 10° to 70°
with a step size of 0.02°. The hexagonal structure f-NaYbF4 (JCPDS # 27-1427), cubic structure
a-NaYbFs (JCPDS # 77-2043), hexagonal structure B-NaYF4 (JCPDS # 16-0334) and cubic
structure a-NaYF4 (JCPDS # 06-0342) were used for comparison to the experimental data.
Scanning electron microscopy (SEM) was conducted on a Quanta 450, and transmission
electron microscopy (TEM) on an FEI Tecnai G2 Spirit TEM operated at an accelerating voltage
of 120 kV. The NP samples were coated with platinum (3 nm) before SEM measurements.

Samples for TEM were dispersed in absolute ethanol using a vortex shaker, a small droplet of
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each suspension was transferred to the TEM sample holder, and the ethanol evaporated before
placing into the TEM.

ICP-MS was conducted on an Agilent 8900x ICP-MS/MS instrument. A series of mixed
element standard solutions were used to determine the calibration curve needed to quantify Y,
Yb, Gd and Tm. Calibration standard solutions with concentrations of 10, 50, 100, 200 and 500
ppb were prepared using HPS-Q17617A (High Purity Standard, 10 mg/L in 2% HNO3) solution.
The NP samples were digested in HNO; (70% v/v) and then diluted in HNO;3; (2% v/v) to
concentrations of 100 ppb for each NP sample. Pure HNO3 (2% v/v) was also used as the control
(blank sample). The plasma conditions of RF power 1,550 W, sample depth 10 mm and Ar
carrier gas flow rate of 0.95 L/min and makeup gas flow rate of 0.1 L/min with a Micro Mist
nebuliser and Scott Type spray chamber were used for measurements. The collision cell was run
in He mode (4 ml/min He gas flow) for the following isotopes: 89Y, 173Yb, 157Gd, and 169Tm.
Online addition of Indium was used as the internal standard element.

Photoluminescence measurements were carried out under 980 nm excitation using both a CW
and pulsed laser. A fixed amount of powdered NP sample was used in the experiment for each
sample. In the case of the pulsed laser, the samples were excited by pulses with a 5 ns duration
and 20 Hz repetition rate from an Optical Parametric Oscillator (OPO) (Opotek LLC model
"Opolette 355"). An 840 nm long-pass filter was placed before the sample to block visible
wavelengths present in the OPO beam, and a silica lens was used to focus the spot size of the
laser to approximately 2 mm. For the CW laser case, the samples were excited by MDL-III-980
diode laser at 980 nm. The emission spectra were collected using a spectrofluorometer
(Edinburgh Instruments F980) with an air-cooled photomultiplier (Hamamatsu R928) for

detection (Figure S12). The emission spectra were collected across the 280 to 630 nm detection

32



range of the photomultiplier. CW laser power dependence scans were conducted using the 980
nm laser diode through a continuous neutral density filter with a SpectraPro SP-2300i
spectrometer and PIXIS 100 CCD sensor for detection. Pulsed laser energy dependence data
were conducted using a Radiant X30 OPO set at 980 nm (5 ns pulses at a repetition rate of 10
Hz), with variations in energy enabled by rotation of two Glan-laser calcite polarisers placed in
the beam path. UV emission was collected through a 340 nm short pass absorptive filter while

visible light was collected through a 770 nm short pass interference filter.
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