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Abstract: Deep-UV (DUV) light is a sensitive probe for biological
molecules such as nucleobases and aromatic amino acids due to specific
absorption. However, the use of DUV light for imaging is limited because
DUV can destroy or denature target molecules in a sample. Here we show
that trivalent ions in the lanthanide group can suppress molecular
photodegradation under DUV exposure, enabling a high signal-to-noise
ratio and repetitive DUV imaging of nucleobases in cells. Underlying
mechanisms of the photodegradation suppression can be excitation
relaxation of the DUV-absorptive molecules due to energy transfer to the
lanthanide ions, and/or avoiding ionization and reactions with surrounding
molecules, including generation of reactive oxygen species, which can
modify molecules that are otherwise transparent to DUV light. This
approach, directly removing excited energy at the fundamental origin of
cellular photodegradation, indicates an important first step towards the
practical use of DUV imaging in a variety of biological applications.
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1. Introduction

Deep-UV (DUV) light, corresponding to a wavelength range of 200-300 nm, is a sensitive
probe of biological molecules which absorb DUV light remarkably well, but do not interact
significantly with visible light, such as nucleobases, aromatic amino acids, and dopamine.
DUV light has been used for label-free biomolecular detection in chromatography [1] and
medical dialysis [2]. It has also been employed for precise analysis of local structures of
macromolecules, such as proteins [3-8] and nucleic acids [9], by DUV spectroscopy.
However, the practical use of DUV light for molecular imaging is limited. DUV light can
destroy or denature biological molecules due to absorption [10-21], which restricts its use in
quantitative, repetitive, and/or high signal-to-noise ratio (SNR) analyses of target molecules
in a limited detection volume by DUV imaging, especially for samples involving trace
amounts. Although a variety of advanced DUV imaging techniques measuring absorption
[22-24], resonance Raman scattering [25], fluorescence [26—30], and photoacoustic signals
[31,32] of DUV-absorptive molecules have been developed recently, the destructive nature of
DUV light limits some unique benefits of these techniques in exploiting biological molecules,
which could be measured with high sensitivity if the photodegradation could be avoided.
Suppressing the molecular photodegradation is essential for unlocking these limitations in
the practical use of DUV light for biological imaging. Reducing the irradiation intensity in
order to slowly accumulate signal is of little benefit because single photons can cause
molecular photodegradation of nucleic acids and proteins under DUV exposure [12,13,17—
21]. One part of the mechanisms of the molecular photodegradation under DUV exposure is
related to how excited molecules react with oxygen (O,) [12,13,18]. Generation of reactive
oxygen species (ROS) occurs when O, accepts the excited molecular energy [12,13,18],
which is demonstrated by removing O, from the environment, which then suppresses the
molecular photodegradation under DUV exposure [12,13]. Additionally, since sample heating
under DUV exposure can occur [33], cooling of the sample can also be a potential approach
for suppressing the molecular photodegradation under DUV exposure, and has been
demonstrated in some DUV Raman spectrograph setups [34]. However, these techniques can
suppress only oxidation- or heat-based molecular degradation pathways but cannot protect
molecules from the more direct ionization and dimerization that can occur after excitation by
DUV light. They can be thought of secondary protective mechanisms, by removing the heat
or secondary reactions that occur after photoexcitation. A more direct approach to quenching
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or removing the energy from the system before it has passed to other molecules or dissipated
as heat has the potential to offer a greater protective effect.

Here we report suppression of the molecular photodegradation under DUV exposure, and
thereby demonstrate high SNR and repeatable DUV imaging of nucleobases in fixed cells.
For suppression of the molecular photodegradation, we propose to directly remove the excited
energy from the DUV-absorptive molecules. This can potentially be very effective in directly
reducing photodegradation, since the excited states of the DUV-absorptive molecules are the
fundamental origins of the cellular photodegradation [18]. We used terbium, europium, and
thulium (Tb*, Eu®, and Tm*"), which are trivalent ions in the lanthanide group (Ln), to
remove the excited energy of the DUV-absorptive molecules. These were chosen because
Tb** and Eu®" are known as energy quenchers of nucleobases [35-39] and aromatic amino
acid [35,40,41], while Tm** has similar electronic properties [42] to Tb®* and Eu®. The
effects of Ln ions for suppressing the molecular photodegradation were quantified by
comparing the effects of DUV light on the morphologies of fixed HelLa cells with and without
these ions. The direct measurement of resonant molecules was also evaluated by resonant
Raman scattering of nucleobases, which are some of the most DUV -fragile molecules present
in the cells [18,19]. The present study, showing suppression of the molecular
photodegradation under DUV exposure for the first time, indicates an important first step
towards the practical use of DUV imaging in a variety of biological applications.

2. Materials and methods
2.1.Cell culturing, fixation, and permeabilization

HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium on a fused silica cover slip
for 22-26 hours at 37 degree C in 5% CO, atmosphere with 100% RH. The cultured cells
were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) solution for 5 min.
The fixed cells were permeabilized with 0.5% Triton-X in PBS solution for 15 minutes.

2.2. Cell treatment with lanthanide ions

For samples treated with Ln ions, the fixed and permeabilized cells were immersed in the
buffer solution (pH = 7.4) containing 10 mM HEPES, 4 mM KCI, 1 mM MgCl,, 1 mM
CaCl,, 149.4 mM NaCl, 4 mM NaOH, and either of ThCls, EuCls, and TmCls [43]. Unless
noted, the agent concentration was 1 mM. The cells were immersed in the solution for 30
minutes or longer before DUV irradiation and Raman measurement.

For control samples, the fixed and permeabilized cells were immersed in the buffer
solution, without containing any of the agents.

TbCl; and EuCl; were purchased from Kojundo Chemical Laboratory. TmCl; was
purchased from Sigma-Aldrich.

2.3. Optical measurement

A homebuilt DUV Raman microscope was used for DUV Raman measurement. A light
source was Ar” laser of A = 257.2 nm (Innova, Coherent). The expanded and collimated beam
was focused by an NA = 1.35 objective lens (Ultrafluar, Carl Zeiss) at a distance of 2 um
from the substrate surface. The beam was incident from the cover slip side. Sample exposure
duration was controlled with a mechanical shutter. Sample irradiation intensity was controlled
by ND filters and set to 200 pW/pm?. The sample was located on a piezoelectric stage. For
Raman signal detection from the sample, backscattering light collected with the objective lens
was used. The backscattering light passed through an edge-filter (LP02-257RU, Semrock),
and entered the spectrometer (SP2500, Acton Research) through an entrance slit (50 pm). A
focusing lens situated in front of the slit was adjusted to best guide Raman scattering light
into the spectrometer. Raman scattering entering the spectrometer was dispersed with a
grating (1800 g/mm). The spectrometer was calibrated with the laser line (0 cm™), and
Raman scattering of BN (1364 cm™) and CH;CN (2249 cm™). The dispersed light was
detected with a CCD camera (ProEM, Princeton Instruments) and recorded using WinSpec
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(Princeton Instruments). For imaging, the cells were raster-scanned over a focused DUV
light. Shutter operation, stage scan, and camera acquisition were synchronized by a computer
installing IGOR Pro. The cells were irradiated only at the dwell time. Scan step was 500 nm.
Pixel dwell time was 250 ms unless otherwise noted. The polarization of the laser beam was
linear. The laser beam was spatially filtered by a pinhole to make a tight focus with little
aberration.

Bright-field images shown in this manuscript were taken before and after DUV Raman
imaging. Visible light was used for taking the bright-field images.

Luminescence spectral imaging of Ln ions was also performed. For measurement, a
homebuilt DUV-excitation, UV-visible detection spectral imaging system was used. The
system basically shared the excitation setup with the DUV Raman microscope, but replaced
the NA = 1.35 objective lens by an achromatic objective lens (UV 50xA, Nikon Engineering)
for the wide spectral range measurement. Excitation and emission light were separated by a
dichroic mirror (FF310-Di01, Semrock). Emission spectra were recorded with a CCD camera
(iXon3 888, Andor) using the software of Solis (Andor) through a spectrometer (CLP-
105UV, Bunko Keiki) having a 140 pm entrance slit and a 300 g/mm grating. The
spectrometer was calibrated with a mercury lamp. The imaging mode was the same as the one
used for Raman imaging. Scan step was 500 nm. Pixel dwell time was 50 ms.

2.4. Image data analysis

A spectral data set recorded by a single Raman imaging process was a two-dimensional data
(one spatial dimension vs wavenumber). The data was processed for Raman image
reconstruction. A macro program constructed in MATLAB was used. First, any anomalously
sharp peak in the spectrum, such as cosmic rays, was removed using a median filter. Then, the
spectra were smoothed by taking moving average of 5 pixels. Finally, 5th-order polynomial
curve fitting with an alternative least square algorithm with 50 iterations was applied to each
spectrum and the curve obtained as the fluorescent background was then subtracted from the
spectrum. To reconstruct Raman images, the intensity at 1480 cm™ and neighboring + 3
pixels (a range of ~28 cm™) was averaged.

Raman signal from the cell’s nucleus was analyzed using ImageJ. First, the nucleus area
was selected from a cell and the intensity was averaged by area. To remove the influence of
background in the results, the intensity at some pixels corresponding to the substrate area was
averaged from all the data taken in the same measurement and sample conditions, then the
average background intensity was subtracted from the average nucleus intensity of each data.

The image gradient of a bright-field image was calculated on MATLAB. Only the Raman
targeted area was used. The image gradient was calculated at each pixel. As each side of the
cell will feature positive/negative gradients, the absolute value of the gradient was taken and
then summed to provide a simple metric for the presence of cellular morphology.

3. Results
3.1 Lanthanide ion protection of cell morphology under DUV exposure

Figure 1 shows the effect of loading Ln ions, before and after DUV exposure, on the
morphologies of the fixed HelLa cells. It is obvious from Figs. 1(a) and 1(e) that the cells
without Ln ion suffered complete loss of structure after DUV exposure. Since the cells were
fixed, the cells didn’t move significantly during scanning (taking around 25 min for a single
imaging acquisition). The structural loss could occur due to damage and molecular
decomposition at the irradiated regions and its accumulation during scanning. The loss of
cellular structure is a typical phenomenon with cellular samples exposed to DUV light for the
irradiation parameters used (50 pJ/pum?) in our experiments. For cells loaded with Th**, Eu®,
or Tm*, the phenomenon of structural loss was not observed; the cellular structures are
clearly maintained through DUV exposure while slight shrinkage of the cells occurred (Fig.
1(b)-1(d), and 1(f)-1(h)). The shrinkage mechanism may result from the inability of the
lanthanide ions to provide complete protection to all cellular molecules, especially the
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molecules that sustain cellular structure. Alternatively, it may be an independent mechanism.
These results are reproducible, despite variations in individual cell states such as cell
morphology and molecular distributions. Figure 1(i) shows a histogram representing the
morphological changes of irradiated cells. The cellular morphologies are quantified using the
gradient of the bright-field image. While a fully quantitative cellular metric using the image
gradient would require a quantitative phase imaging mode [44], the image gradient of the
bright-field image includes absorption and lensing effects, leading to changes in brightness in
regions where cells exist. This provides a simple metric to evaluate the presence of cell
morphology. Using the absolute value of the image gradient allows the metric to be positive
for any structural feature. The difference in this gradient before and after DUV exposure can
then indicate the loss of cell material, while no change means that the cellular morphologies
are maintained. Without Ln ion, the summed absolute image gradient values over the
irradiated areas consistently decreased with DUV exposure, meaning that all the cells without
Ln ion lost a significant amount of cellular structure. Evaluation by eye of the bright-field
images also shows near-complete loss of the sample in the area that was exposed. On the
other hand, all results using any of Tb**, Eu*, and Tm*" show near-zero or positive values.
The positive values can be explained by slight shrinkage of the irradiated cells seen in Figs.
1(b)-1(d) and 1(f)-1(h), which in general makes the image gradients larger due to
concentration of materials. Inspection of the images reveals the cells remain structurally
intact. These results showed that Th**, Eu**, and Tm®" consistently prevented the loss of
cellular materials under DUV exposure.

(i)
84 b
w
)
6
s Th¥*
;4' Eu’*
E i 2
El 24 No Ln ions ‘ m (T‘m
AP N B I A B e
60 40 20 0 20

summed absolute image gradient (x105)

Fig. 1. The addition of Ln ions protects cell morphology from DUV irradiation. (a-h) Bright-
field images of the fixed HeLa cells (a-d) before and (e-h) after DUV exposure are shown. The
cells shown in (a) and (e) were not treated with Ln ions, while the cells shown in (b) and (f),
(e) and (g), and (d) and (h) were treated with Tb*, Eu®, and Tm*, respectively. The scale bar
is 15 um. The dotted squares exhibit the DUV irradiation areas. (i) A histogram for the bright-
field images from all data (n = 75) including n = 153 irradiated cells. The distribution of the
differences in normalized, summed absolute image gradient between before and after DUV
irradiation is shown.

3.2 Lanthanide ion protection nucleobases measured by resonance Raman scattering

The above section shows clearly that the bulk cellular structure is protected by the Ln ion
technique, but to further understand whether Ln ions protect individual molecules as well as
the bulk structure, we can use Raman scattering to determine how cellular molecules are
protected from DUV exposure. Raman scattering excited by DUV light is a sensitive probe of
nucleobases in the cell [19,25], due to the resonance Raman effect. Nucleobases are directly
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excited by DUV light and therefore, along with aromatic amino acids [18,19], are some of the
most fragile molecules in cells for DUV exposure [18,19]. The use of DUV Raman scattering
measurement is then ideal since it should measure the molecules that are most susceptible to
photodegradation. Furthermore, the Raman scattering intensity can be used to quantify the
effects of Ln ions on the molecular photodegradation by estimating the relative number of
undamaged molecules over DUV exposure. Raman intensity images were taken so that each
spatially-resolved pixel in the sample contained the measured Raman spectrum (see Materials
and Methods for more details). For comparison, images using contrast from the 1480 cm™
band in the spectrum (Fig. 2(a2), which is intense and assigned only to adenine and guanine
[25,45], showed that Tb®", Eu®*, and Tm** provided higher image contrasts than the control
experiment without Ln ion. The higher contrast shows the cellular nuclei and nucleoli, where
nucleic acids exist at high concentrations, and the cytoplasm, in which a number of RNAs are
distributed (Figs. 2(b)-2(e)). In addition, it is apparent that Raman signal levels measured
from the cells loaded with Tb**, Eu**, and Tm*" are higher than the control (in Fig. 2(b)-2(d)
vs Fig. 2(e)). These results prove that Ln ions can protect the DUV-excited, most fragile
molecules in the cells under DUV exposure.
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Fig. 2. Protecting effect of Ln ions measured by Raman scattering. (a) A typical DUV Raman
spectrum obtained from the cell; A: adenine, G: guanine, Tyr: tyrosine, Trp: tryptophan. The
asterisk indicates the Raman band used for reconstructing Raman intensity images. (b-e)
Raman intensity images reconstructed by the nucleobases band of the cells treated with (b)
Tb*, (c) Eu*, or (d) Tm*, and (e) without Ln ion. The scale bar is 10 um. (f) A histogram for
the average Raman intensity in the nuclei for a number of the measured cells, with or without
Tb*, Eu®*, and Tm*. The number of cells analyzed is 47, 36, 35, and 35, for no Ln ion, Tb*
Eu®, and Tm**, respectively. (g) Concentration dependencies of the nuclei Raman intensity for
Tb*, Eu®*, and Tm*. The plots, and the positive/negative error bars show the average Raman
intensity and standard deviations of a number of cells. The upper, and lower horizontal dotted
line represents the average Raman intensity plus, and minus standard deviation for no Ln ion,
respectively. The number of analyzed cells is 10 for 1 uM Tb** and Eu®*, 11 for 1 uM Tm*', 20
for 10 pM Tb** and Eu®, 100 uM Tb*, Eu®, and Tm**, and 10 mM Tb*" and Eu®, 21 for 10
uM and 10 mM Tm*, 35 for 1 mM Eu®" and Tm**, 36 for 1 mM Tb*, and 47 for no Ln ion,
respectively.

To quantify the increase in Raman signal levels under Ln ion treatment, all the measured
Raman images of the cells (n = 106 cells with Ln ions, n = 47 cells without Ln ion) were
quantitatively analyzed. The Raman intensity of the nucleus was analyzed, since the nucleus
provided a sufficiently high SNR for an accurate Raman intensity analysis. The results are
summarized in Fig. 2(f) as a histogram. Despite individual cell variations, the Raman signal
of all the cells treated with any of the three Ln ions, excluding only one cell out of n = 106
cells, is larger than that of the cells without Ln ion. The maximum difference in Raman
signals due to the loading of Ln ions is six times higher and on average, the Raman signal
indicates approximately twice as many nucleobases could provide Raman scattering before
photodegradation occurred under DUV exposure. Additionally, the three different Ln ions
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showed little difference between them in measured nuclei Raman intensity. All three
appeared similar in the histogram (Fig. 2(f)), as did the averages and standard deviations of
the Raman intensities (shown in Fig. 2(g)), indicating that they play a similar role for
protecting nucleobases from DUV irradiation.

We confirmed that the Raman measurement of the protection effect above was not
influenced by any enhancement of the scattering efficiencies of adenine and guanine due to
interactions with Ln ions. We measured adenine and guanine in water with and without Ln
ions (Fig. 3). Here, due to diffusion, any molecular photodegradation during DUV Raman
measurement should not significantly affect the signal levels, and therefore Raman signals
with or without Ln ions are expected to be similar if no enhancement by Ln ions occurs. The
results in this configuration with and without Ln ions indeed do not show any clear
differences. Thus, we concluded that the Raman signal increase by the Ln ions in the cell
measurements results from suppression of the molecular photodegradation by the Ln ions.

(a) adenine aq. solution (b) guanine aq. solution
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Fig. 3. DUV resonance Raman spectra of the (a) adenine and (b) guanine aqueous solutions.
Arrows indicate the Raman bands assigned to adenine or guanine. In (a), Raman spectra of the
1 mM adenine aqueous solutions with and without Th®* or Eu® are shown together. In (b),
Raman spectra of the saturated guanine aqueous solutions with and without Tb* or Eu®" are
shown together.

Raman scattering measurements also revealed that suppression of the molecular
photodegradation under DUV exposure could depend on the concentration of Ln ions.
Although it is not trivial to separate concentration dependencies from other parameters such
as exposure duration and irradiation intensity, if the experimental parameters are fixed for a
given condition, then the optimal concentration for effectively suppressing the nucleobases
photodegradation can be found for that condition. The Raman nuclei intensity of cells treated
with Tb>, Eu*, or Tm*" at different concentrations is shown in Fig. 2(g). The results show
that all three Ln ions exhibit similar concentration dependencies. 100 uM and 1 mM provided
higher Raman signals due to effective photodegradation suppression than other
concentrations. 1 UM was found to be too low to suppress the photodegradation. Interestingly,
10 mM exhibits a slight decrease in the signal compared to 1 mM. One possible reason for
this decrease could be related to a pH drop in the solution caused by Ln ions addition; while a
pH drop was measured at only 0.05 for 1 mM, it did rise to 0.3 at 10 mM. Such a pH change
of 0.3 would be large enough for the electronic states of Eu** and Tb*" to be altered [46],
implying that energy transfer efficiency may be modified by a 0.3 pH change. To elucidate
the underlying science, further studies with varying measurement parameters such as
exposure duration, irradiation intensity, and solution pH, would be necessary.

3.3 Enabling repetitive deep-UV imaging by lanthanide ion nucleobase protection

The photodegradation suppression could improve the SNR of the images taken using DUV
resonance Raman scattering, as shown in Fig. 2. The protection of the molecules also allowed
repeated measurements in DUV resonance Raman cellular imaging, which was not otherwise
possible (Fig. 4). The effect of Ln ions was clearly visible after the first Raman imaging.
Without Ln ion, the second image (Fig. 4(a)) displayed only vague outlines of the nucleus,
and the third image (Fig. 4(c)) showed only noise, whereas with Ln ions, clear nuclei and
cytoplasmic structures were retained in the second (Fig. 4(e)) and third (Fig. 4(f)) imaging.
The cells with Ln ions remained in place after the third imaging (Figs. 4(i) and 4(j)), while the
cells without Ln ion disappeared (Figs. 4(g) and 4(h)). Raman spectra acquired from the cell
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also clearly present the protective effect of Ln ions on repetitive DUV measurement of the
cells (Figs. 4(k) and 4(1I)). Four observable Raman bands, that are assigned to nucleobases
(1340, 1480, and 1580 cm™) [25,45] or aromatic amino acids (1620 cm™) [25,45], were
barely observed in the results obtained during the second and third imaging measurements of
the cell without Ln ions (Fig. 4(k)), while with Ln ions (Fig. 4(l)), these bands were
observable through three-time repetitive imaging.

W/O Ln With Th**
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Fig. 4. Repetitive measurements on fixed HelLa cells by DUV Raman imaging. (a-f) Raman
intensity images repeatedly measured from identical cells treated (a-c) without Ln ion and (d-f)
with Th*. (a) and (d) were measured at first, and (c) and (f) were measured at the end. The
exposure duration for acquiring a single-point spectrum was 100 ms. (g-j) Bright-field images
of the cells measured (g and i) before the 1st Raman imaging, and (h and j) after the 3rd
Raman imaging. The cells shown in (i) and (j) were treated with Tb*, while the cells in (g) and
(h) were not. The dotted squares depict the DUV irradiation areas. The scale bars are 15 pm.
(k,l) Average Raman spectra obtained for each imaging acquisition from the cell nucleoplasm
region discriminated by the yellow solid square in (a), and (d) are shown in (k), and (l),
respectively. The asterisks indicate the observable Raman bands of nucleobases or aromatic
amino acids. Red, blue, and green spectra represent the results of 1st, 2nd, and 3rd imaging
acquisition, respectively. The presented spectra were processed for display; the bias was
removed first by subtracting the average intensity of noise obtained from region outside the
cells, and then the spectra in (k) and (1) were normalized by the peak intensity of the 1480 cm™
band of each “1st” spectrum.

4. Discussion

The fundamental origin of nearly all the molecular photodegradation discussed here involves
electronic excited states of nucleobases and aromatic amino acids. This is because other
molecules in the cell have relatively low absorption at these DUV wavelengths (A = 257 nm)
[18,19]. A summary of the energy pathways of the DUV -excited molecules in the cells under
DUV exposure is shown in Fig. 5. Without Ln ion (Fig. 5(a)), nucleobases and aromatic
amino acids can be ionized [12-15,18,20,21]. Reaction with surrounding molecules such as
nucleobases, aromatic amino acids, and O, can also occur, resulting in irreversible formation
of photoproducts (i.e. cyclobutane pyrimidine dimer, 2,2’-bityrosyl, and 8-oxo-7,8-dihydro-
2’-deoxyguanosine) [12-15,18.20,21]. Relaxation of excited nucleobases and aromatic amino
acid can also occur, without causing the molecular photodegradation, through thermal and
radiative decays [21,47-49]. However, the remainder of the energy can thereby transfer to
surrounding molecules, including O,, resulting in ionization [18] and reactions with
surrounding molecules [12,13,15,18,20,21], including generation of ROS, which can modify
molecules that would otherwise be transparent to DUV light [18].

Possible energy pathways of the DUV-excited molecules in cells treated with Ln ions are
shown in Fig. 5(b). We predicted an additional relaxation pathway due to Ln ions by
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considering Férster resonance energy transfer (FRET). Th** and Eu®" have been reported to
quench the DUV-excited states of nucleobases [35-39] and aromatic amino acids [35,40,41]
through FRET. Although Tm® has not been reported to act as an energy quencher of
nucleobases and aromatic amino acids, we expected Tm** could work similarly to Tb*" and
Eu®* because Tm**, Th®*, and Eu®" are used in similar applications that rely on their emissive
properties after conjugation to materials [42]. If energy quenching occurs, it can suppress the
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Fig. 5. Energy pathways of nucleobases and aromatic amino acids in a cell under DUV (A =
257 nm) exposure. Regardless of the type of Ln ion, nucleobases or aromatic amino acids are
excited by absorbing DUV light, then is immediately relaxed to the vibrational ground state of
the electronic excited state having the lowest energy. (a) Without Ln ion, the excitation of
nucleobase or aromatic amino acid is followed by ionization, reaction with molecules, and
relaxation to the electronic ground state. The relaxation pathways are thermal and radiative
decays or energy transfer to surrounding molecules. The energy transfer to surrounding
molecule is followed by ROS generation, ionization, reaction with molecules, and thermal
decay. (b) With Ln ion, FRET from the excited nucleobase and aromatic amino acid to the
higher energy level of Ln ion can occur. Ln ion is relaxed to the lower excited energy states by
heat emission and further relaxed by thermal or radiative decays.

molecular photodegradation through any pathway except for heat-based pathways; energy
quenching can accelerate relaxation of the excited state of a donor molecule, and thereby Ln
ions can suppress the ionization and reaction of the DUV-excited molecules. Additionally,
energy transfer to Ln ions can suppress energy transfer to surrounding molecules and ROS
generation, and consequently protect surrounding molecules. The contribution of these
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mechanisms in suppressing the photodegradation can be large when the efficiency of the
energy transfer to Ln ions is comparable to or higher than that for transfer to O,. Although
quantum yields for energy transfer from nucleobases, and aromatic amino acids to the three
Ln ions and to O, are poorly understood, one report in the literature [41] states the quantum
yield of the energy transfer from tryptophan to Eu** was 50%. This relatively high value for
the yield must exceed the efficiency of energy transfer from tryptophan to O,, and can support
the above-mentioned mechanisms for Ln ions suppression of cellular photodegradation.

The removal of energy by heat or photon emission from Ln ion was also considered in the
mechanisms. We confirmed Tb* could emit light in the cells under DUV (A = 257 nm)
exposure, by performing luminescence spectral imaging of the cells treated with Ln ions (Fig.
6). Results indicate that Th®* can emit energy by radiative decay after accepting the energy
from the excited molecules. In fact, with DUV excitation, Th*" is reported to emit light, when
conjugated to a protein [35,41]. On the other hand, we found Eu®** and Tm** could not emit
light in the cells under DUV (A = 257 nm) exposure, although Eu®* and Tm** are known as
emissive ions in general [42]. According to literature, Eu** under DUV excitation doesn’t
emit light [35,41] and thermally decays [35]. Based on the fact that Eu®* does, we expect
Tm** to also decay by a thermal process.

The measured dependencies of the protection effects on the Ln ions concentration (Fig.
2(9)) can partially support the predicted mechanism of the protection effect. According to
literature, FRET from Ln ion to nucleobase can occur when the concentration of Ln ions is
0.1 mM or less [37,38], consistent with the results shown in the Fig. 2(g). Provided that the
parameters such as pH could be maintained while changing the Ln ions concentration,
significantly higher concentration could possibly provide higher protection effect because of
the presumably higher FRET efficiency. Indeed, the donor-acceptor distance for the FRET
efficiency to be 50% is generally in the range of 2-50 mM [50], predicting the higher
protection effect at the higher concentration.
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Fig. 6. (a) DUV-excited luminescence of nuclei of cells treated with Tb*, Eu®, or Tm**. (b-d)
Luminescence intensity distribution of cells treated with (b) Th*, (c) Eu*, and (d) Tm*". (b)
was reconstructed by the luminescence band at A = 545 nm, while (c), and (d) were
reconstructed at A = 590, and 455 nm, where Eu*, and Tm®, when excited with proper
wavelengths, should have an emission line, respectively®>*2, The scale bar is 10 pm. The arrow
indicates the second-order diffraction light of the laser line (A =257 nm), at L = 514 nm.

5. Future perspectives

We demonstrated Ln ion molecular protection, and showed that it enables the use of DUV
molecular imaging which would otherwise not be possible. However, the effect does still
have limits, and further improvement would still be of interest. By evaluating ROS effects,
we found that some of the excited energy was still transferred to O,, causing O,-based
damage to the cells (Fig. 7 and Table 1). Possible energy pathways to O, can be derived not
only from the DUV-excited molecules but also from the quenching Ln ions that accept energy
from the DUV-excited molecules. Such energy retransfer from Ln ion to O, is possible
because the lifetimes of Th** and Eu** (which are of millisecond order [35]) are much longer
than that of typical fluorescent molecules (of nanosecond order [51]) that are known to
readily transfer energy to O, for ROS generation [51]. Improving the efficiencies of energy
transfer from DUV-excited molecules to Ln ions and the energy emission from Ln ions,
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which can suppress the remaining energy pathways to O, will be critical future
considerations arising from this study. Importantly, since the protection mechanism should be
universal, this research should not be limited to use of Ln ions but should be extensible to
exploration and/or development of new materials that have high efficiencies of energy
transfer from DUV-excited molecules.

a) Th3* b) Eu?* (¢) Tm3*
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Fig. 7. Ln ion molecular protection under (a-c) the standard ambient and (d-f) the low-O,
conditions. The cells treated with (a) Tb*, (b) Eu*, and (c) Tm*, in the standard ambient
condition, exhibit weaker Raman signals compared to the cells treated with (d) Tb*, (e) Eu*,
and (f) Tm*, in the low-O, condition, respectively. The scale bar is 10 um. The exposure
duration for a single Raman spectrum acquisition was 500 ms. O, in the sample environment
was removed by using the Ar purge process. For the Ar purge process, a glove box chamber
was used. After the fixed and permeabilized cells were put inside the chamber, the O, level
inside the chamber was decreased by Ar input and air output. The chamber was then sealed
and left for 20 min while keeping the O, level lower than 2.0%. Finally, the cells were sealed.
Ar gas was purchased from Awao-Sangyo.

Table 1. Averages and standard deviations of the nuclei Raman intensity of cells treated
with Tb*, Eu®*, and Tm** under the standard ambient and the low-O, conditions.

Conditions Average géi?;?gﬂ Number of cells
Tb* 123.3 17.5 10
Tb3* & O, removal 146.0 25.6 10
Eu** 116.1 22.7 10
Eu® & O, removal 193.4 15.1 11
Tm* 124.1 16.6 11
Tm3" & O, removal 172.3 16.4 11

Application to biological protection from DUV light is also of significant interest. The
presented mechanisms for protecting molecules will not be limited to molecular protection
under DUV exposure. The retention of the cell shape under DUV irradiation implies that this
technique may be applied to living organisms. For living specimens, however, membrane
permeability is essential, where Ln ions can be loaded inside the cells requiring membrane
permeabilization pretreatment. The biocompatibility of the compounds also needs to be
considered. For improvement of the protection efficiency in living specimens, a method that
only minimally affects sample homeostasis will be preferable. Other future directions of the
presented work include extension to other spectral ranges. Energy manipulation and emission
of the excited molecules can occur and may work also in other wavelength ranges, for
protecting excited and surrounding molecules. A range of optical techniques that are currently
limited in application by specimen photodegradation could undergo significant breakthroughs
by extension of the methods in the present study.
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