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Abstract

Excessive inflammatory responses lead to adverse cardiac remodeling after myocardial infarction (MI) which is induced
by atherosclerosis. Ultraviolet B (UVB) irradiation to the skin is reported to prevent systemic immunoinflammatory
diseases, including atherosclerotic diseases, in mice by regulating adaptive immune responses. We investigated the effect
of broad-band UVB irradiation on survival and cardiac remodeling after MI and the underlying mechanisms. Wild-type
mice were irradiated with broad-band UVB at 3 kJ/m? twice weekly for 2 weeks before MI induction and once after MI
induction. Nonirradiated mice served as controls. MI was induced by ligating the anterior descending coronary artery.
Compared with nonirradiated mice, UVB-irradiated mice displayed improved survival owing to a lower incidence of
heart failure. Histological analysis revealed a reduction in the left ventricular area in the heart of UVB-irradiated mice,
whereas the infarcted area was not altered. The proportion of anti-inflammatory Foxp3* regulatory T cells was significantly
increased in the skin-draining lymph nodes and blood of UVB-irradiated mice compared with nonirradiated mice. This
increase was associated with markedly upregulated mRNA expression of Treg-specific transcription factor Foxp3 and
pro-resolving M2-type macrophage-related molecules, such as 1110, Argl, and Mrc1, in the cardiac infarcted tissue. These
findings indicate that UVB-expanded Tregs may migrate in injured lesions and promote myocardial healing by inducing
pro-resolving macrophages and dampening inflammation. Our data suggest that broad-band UVB phototherapy may serve
as an attractive strategy for preventing heart failure following MI.

Keywords: myocardial infarction, cardiac remodeling, ultraviolet B, immunology, inflammation

Introduction The response to injury in MI involves an acute

Ischemic heart disease, including myocardial infarction inflammatory response by recruitment of many
(MI), occurs in patients with atherosclerosis and is a major inflammatory cells and the clearance of dead tissue
cause of mortality in developed and developing countries. in the initial phase, and the initial reparative response
Reperfusion of occluded coronary artery by balloon replacing the lost tissue in the later phase.? The innate and
catheter-facilitated vessel dilation or pharmacological adaptive immune system has been shown to be important
thrombus lysis is a standard strategy for the treatment in cardiac response to MI.? Firm evidence indicates that
of acute MI. Despite state-of-the-art intensive treatment forkhead box P3 (Foxp3)-expressing regulatory T cells
including the above intervention and conventional medical (Tregs), which are critical for controlling excessive
therapies, patients with MI show poor prognosis, which immunoinflammatory responses, play an anti-atherogenic

could be related to severe left ventricular dysfunction due role by inhibiting effector CD4* T cell and proinflammatory
to pathogenic cardiac remodeling.* Therefore, developing macrophage immune responses in mice.* A previous
new therapeutic approaches to promote myocardial study demonstrated that both CD4'Foxp3* Tregs and
healing after M1 is highly desirable. effector CD4* T cells are activated and the frequency



of Tregs in the heart-draining lymph nodes (LNs) is
markedly increased after experimental MI, and that CD4*
T cell activation beneficially influences wound healing
and survival.® Interestingly, another recent report using
mouse models of Treg activation or depletion by the same
group demonstrated that CD4*Foxp3* Tregs beneficially
influence wound healing after MI by modulating
macrophage function, indicating the augmentation of
CD4*Foxp3* Treg responses as a possible approach to
improve healing after M1.5

Exposure to sunlight, including ultraviolet B (UVB), is
essential for maintaining our health. UVB phototherapy
is an established treatment for immunoinflammatory
cutaneous diseases based on the anti-inflammatory
actions of UVB.” We previously reported that irradiation
with various wavelengths of UVB, including broad-
band UVB (a continuous spectrum from 280 to 320
nm with a peak at approximately 313 nm), 282-284 nm
UVB (a narrow peak at approximately 282-284 nm), or
312 nm UVB (a narrow peak at approximately 312 nm),
attenuates the development of atherosclerotic disease by
augmenting anti-inflammatory Treg immune responses in
hypercholesterolemic mice,*'° providing new therapeutic
approaches for this disease. However, the effect of UVB
treatment on the survival or development of heart failure
after atherosclerosis-related MI has not been investigated.

In this study, we investigated the effect of broad-band
UVB irradiation on cardiac remodeling after MI and
the underlying mechanisms using a mouse model of Ml
induced by coronary artery ligation, with a particular
focus on pro-resolving immune responses.

Methods

Animals and experimental design

Male wild-type mice on a C57BL/6 background were
obtained from Charles River Laboratories Japan. Mice
were fed a normal chow (CLEA, Tokyo, Japan) and
water ad libitum. The mice were irradiated with broad-
band UVB at 3 kJ/m? twice weekly for 2 weeks before
MI induction and once after MI induction. Nonirradiated
mice served as controls. MI was induced by ligating the
anterior descending coronary artery under anesthesia and
mechanical ventilation using an artificial respirator (Model
687; HARVARD APPARATUS) as described previously.t
The appearance of cyanosis of the anterior left ventricle
confirmed the successful ligation of the anterior descending
coronary artery. Death within 24 hours after MI induction
was considered surgery-related death and excluded from
the analysis of mortality and cause of death. All mice
except the above mice underwent necropsy. Some mice
showed blood clot accumulation in the thoracic cavity,
indicating cardiac rupture. The other mice exhibited
pulmonary congestion without blood clots in the thoracic
cavity, and the cause of death was considered severe heart
failure. Four weeks after MI induction, the surviving mice
were euthanized under anesthesia, and cardiac tissues
were harvested for histological analysis. The mice were

terminated earlier for some experiments. Exclusion
criteria were severe body weight loss and serious burns
and were set before the study. However, such symptoms
were not found, and no mice were excluded. All animal
experiments were approved by the institutional animal
care committee.

UVB irradiation

TL 20W/12RS fluorescent lamps (Philips, Eindhoven,
Holland) that emit broad-band UVB (a continuous
spectrum from 275 to 390 nm, with a peak emission at
313 nm) were previously described® and used in this
study. The irradiance of the broad-band UVB was 6.6 J/
m?/second at a distance of 40 cm, as measured by a Digital
UV Intensity Meter UIT-250 (USHIO, Tokyo, Japan).
The mice were placed 40 cm below the bank of lamps
and were irradiated for the indicated weeks after shaving
their backs in the animal facility. Nonirradiated mice
were not subjected to these procedures. In our previous
study using atherosclerosis-prone mice, broad-band UVB
irradiation at 5 kJ/m? markedly augmented systemic Treg
responses, whereas lower 2 kJ/m? UVB irradiation had a
modest effect on Treg responses.® Based on these results,
we speculated that 3 kJ/m? would be an appropriate UVB
dose for sufficiently augmenting Treg responses with less
adverse effects and decided to use this dose in the present
study.

Histological analysis of cardiac lesions

Cardiac tissues were perfused with saline, soaked
in 7% EDTA for 10 minutes, and embedded in OCT
compounds (Tissue- Tek; Sakura Finetek, Tokyo, Japan).
Cryosections (10 pm thickness) were collected, and
the fibrous area was delineated by Masson’s trichrome
staining on 4% paraformaldehyde-fixed sections. Stained
sections were digitally captured using a microscope (BZ-
8000; Keyence, Osaka, Japan), and the infarcted and left
ventricular areas were calculated using ImageJ (National
Institutes of Health). The percentage of the infarcted area
was calculated as the length of stained endocardium per
total endocardial length.

Flow cytometry

For flow cytometric analysis of lymphoid tissues, skin-
and heart-draining LNs were isolated and stained with CD4
(clone RM4-5; BD Biosciences) and anti-Foxp3 (clone
FJK-16s; eBioscience) in PBS containing 2% fetal calf
serum after blocking Fc receptor with anti-CD16/ CD32
(clone 2.4G2; BD Bioscience). Axillary and inguinal
LNs or mediastinal LNs were used as skin-draining LNs
or heart-draining LN, respectively. Blood samples were
drawn by cardiac puncture and stained as described above.
Intracellular staining of Foxp3 was performed using
a Foxp3 staining buffer set (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Flow
cytometric analysis was performed using Attune Acoustic
Focusing Cytometer (Life Technologies) with FlowJo



software (Tree Star).

Real-time reverse transcription PCR analysis

Total RNA was extracted from cardiac infarcted tissue
using TRIzol reagent (Thermo Fisher Scientific). A
PrimeScript RT reagent Kit (Takara) was used for reverse
transcription. Quantitative PCR was performed using a
SYBER Premix Ex Taq (Takara) and a StepOnePlus Real-
Time PCR System (Thermo Fisher Scientific) according
to the manufacturer’s protocol. The following primers
were used: Foxp3, 5’-CTC ATG ATA GTG CCT GTG
TCC TCA A-3’ and 5’-AGG GCC AGC ATA GGT GCA
AG-3’; 1110, 5°>-GAC CAG CTG GAC AAC ATA CTG
CTA A-3’ and 5’-GAT AAG GCT TGG CAA CCC AAG
TAA-3’; Argl, 5°- GGG AAT CTG CAT GGG CAA C-3’
and 5’-GCA AGC CAA TGT ACA CGA TGT C-3’; Mrcl
(CD206), 5°’- CAG GTG TGG GCT CAG GTA GT-3’ and
5’- TGT GGT GAG CTG AAA GGT GA-3’; Gapdh, 5°-
TGT GTC CGT CGT GGA TCT GA-3’ and 5°-TTG CTG
TTG AAG TCG CAG GAG-3’. Amplification reactions
were performed in duplicate, and fluorescence curves
were analyzed using included software. The expression
levels of the target genes were normalized so that the
mean values in nonirradiated mice were set to 1. Gapdh
was used as an endogenous control reference.

Statistical analysis

Normality was assessed using Shapiro-Wilk normality
test. Mann-Whitney U-test, 2-tailed Student’s t-test, or
Welch’s t-test was used to detect significant differences
between 2 groups where appropriate. Kaplan-Meier
survival curves were constructed and analyzed using log-
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rank (Mantel-Cox) test. The mortality of MI was analyzed
using chi-squared test. A value of P<0.05 was considered
statistically significant. GraphPad Prism version 8.0
(GraphPad Software Inc.) was used for statistical analysis.

Results and Discussion

The mice were irradiated with broad-band UVB at 3
kJ/m? twice weekly for 2 weeks before MI induction and
once after MI induction. Nonirradiated mice served as
controls. MI was induced by ligating the left coronary
artery in male C57BL/6 wild-type mice. Notably, UVB-
irradiated mice displayed improved survival compared
with nonirradiated mice (survival rate: 67.3% in UVB-
irradiated mice, 44.0% in nonirradiated mice) (Figure
1A). This improved survival in UVB-irradiated mice was
due to a lower incidence of heart failure but not to left
ventricular ruptures (Figure 1B). To determine the effect
of UVB irradiation on cardiac remodeling after MI, we
performed histological analysis of the infarcted heart
collected 28 days after MI induction. No difference was
found in the infarcted area in the heart between the 2
groups. Notably, the left ventricular area in the infarcted
heart of UVB-irradiated mice was significantly smaller
than that of nonirradiated mice (Figure 1C through 1E).
These data indicate that UVB irradiation attenuates cardiac
remodeling but does not affect myocardial necrosis after
MI.

Next, we examined the mechanisms by which UVB
irradiation attenuates cardiac remodeling, focusing on
changes in anti-inflammatory Tregs and pro-resolving
macrophages in lymphoid and cardiac tissues. Mice were
treated with or without UVB, as described above. Four
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Fig. 1. UVB irradiation decreases mortality due to heart failure after myocardial infarction (MI).

A, Kaplan-Meier curve showing the survival rate in UVB-irradiated (n=48) or nonirradiated (n=50) mice with MI. B, The cause of death
after MI. C, Representative photomicrographs of Masson’s trichrome staining in cardiac tissues collected 28 days after MI induction.
The left ventricular wall in the infarcted lesions is thin and indicated by arrowheads. Yellow dashed lines demarcate left ventricular area.
D and E, Quantitative analyses of infarcted area (D) and left ventricular area (E) in cardiac tissues collected 28 days after MI induction.
n=11 per group. Data points represent individual animals. Data are expressed as the meants.e.m. *P<0.05; log-rank (Mantel-Cox) test:

A; chi-squared test: B; 2-tailed Student’s t-test: E.



days after MI induction, we performed flow cytometric
analysis of CD4*Foxp3* Tregs in the skin- and heart-
draining LNs and blood. In line with our previous report in
atherosclerosis-prone mice,® the frequency of CD4*Foxp3*
Tregs was significantly higher in the skin-draining LNs of
UVB-irradiated mice than in those of nonirradiated mice
(Figure 2A). However, there was no significant difference
in their frequency in the heart-draining LNs between the 2
groups (Figure 2A). The frequency of CD4"Foxp3* Tregs
was also increased in the blood of UVB-irradiated mice,
indicating the systemic expansion of Tregs (Figure 2A).
To evaluate the accumulation of Tregs in the infarcted
heart, cardiac infarcted tissue was harvested 4 days
after MI induction and the mRNA expression of the
Treg-specific transcription factor Foxp3 was analyzed
by quantitative reverse transcription PCR. The mRNA
expression of Foxp3 was markedly upregulated in the
infarcted heart of UVB-irradiated mice, indicating the
augmented accumulation of expanded Tregs (Figure
2B). Given that CD4*Foxp3* Tregs beneficially influence
wound healing after MI by promoting the accumulation
of pro-resolving M2-type macrophages in the infarcted
heart® we investigated whether UVB irradiation
modulates the macrophage phenotype in the infarcted
heart. We harvested the cardiac infarcted tissue 7 days
after MI induction and examined the mRNA expression
of M2-type macrophage-related molecules by quantitative

reverse transcription PCR. Interestingly, the mRNA
expression of M2-type macrophage-related molecules,
such as 1110, Argl, and Mrcl (CD206), was markedly
upregulated in the infarcted heart of UVB-irradiated
mice, indicating M2-type macrophage skewing (Figure
2C). These data indicate that UVB irradiation augments
anti-inflammatory and pro-resolving immune responses,
which may coordinately contribute to the resolution of
inflammation and myocardial healing after MI.

Itwould be interesting to speculate about the mechanisms
involved in the migration of UVB-expanded Tregs to the
infarcted heart, focusing on the chemokine system. Various
immune cells, including T cells, contribute substantially to
cardiac remodeling after MI,* where interactions between
chemokine receptors and their ligands play an important
role. We recently reported that C-C chemokine receptor 4
(CCR4), a highly specific receptor for two C-C chemokine
ligands CCL17 and CCL22, is predominantly expressed on
CD4*Foxp3* Tregs and plays a critical role in controlling
the early stage of atherosclerosis via Treg migration to the
atherosclerotic aorta and Treg-dependent regulation of
proinflammatory T cell responses in hypercholesterolemic
mice.? Experimental studies reported that the CCL17/
CCL22—-CCR4 axes protect against inflammatory diseases,
including inflammatory bowel disease> and allergic
airway inflammation,* by mediating Treg migration in
target tissues. CCL17 was reported to play a detrimental
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Fig. 2. UVB irradiation systemically expands Tregs and induces a pro-resolving macrophage phenotype in the infarcted heart.

A, The graphs represent the proportion of CD4*Foxp3* Tregs in the skin- and heart-draining LNs and blood of UVB-irradiated or
nonirradiated mice 4 days after the induction of myocardial infarction (MI). n=6 per group. B, mRNA expression of Foxp3 in the cardiac
infarcted tissue of UVB-irradiated or nonirradiated mice 4 days after the induction of MIL. n=9 per group. C, mRNA expression of M2-
type macrophage-related molecules (1110, Argl, and Mrcl) in the cardiac infarcted tissue of UVB-irradiated or nonirradiated mice 7
days after the induction of MI. n=9 per group. Data points represent individual animals. Data are expressed as the mean#s.e.m. *P<0.05,
**P<(0.01; Mann-Whitney U-test: B; 2-tailed Student’s t-test: A peripheral blood and C 1110; Welch’s t-test: A skin-draining LNs and

C Argl and Mrcl.



role in inflammation resolution and myocardial healing
after MI by impairing Treg homeostasis possibly via
the inhibition of the CCL22-CCR4 axis,* although the
specific roles of the CCL17-CCR4 and CCL22-CCR4
axes in this process have not been fully elucidated.
Interestingly, we recently reported that 284 nm wavelength
of UVB irradiation upregulates CCR4 expression in
Tregs in atherosclerosis-prone mice.* CCL17 and CCL22
expression was upregulated in the injured myocardium
in various mouse models of cardiac injury.’® Given these
reports, we speculate that the CCL17/CCL22—-CCR4 axes
might be involved in UVB-dependent Treg expansion in
the infarcted heart and subsequent cardiac remodeling
prevention in our mouse MI model.

An experimental study in a MI mouse model showed
a marked increase in the frequency of Tregs in the heart-
draining LNs and cardiac infarcted tissue in the acute
inflammation phase of MIL?® although no clinical study
examined Treg frequency in infarcted heart, and most
clinical reports show a decrease in the Treg frequency in
the peripheral blood after MI1.*® Treg counts in coronary
thrombi were significantly increased compared with
peripheral blood in patients with M1.*” These experimental
and clinical data indicate that peripheral Tregs might
decrease due to their accumulation in the heart-draining
LNs and infarcted heart in the acute phase of MI. Our
data on systemically increased Tregs following UVB
irradiation may compensate for their decrease in the
periphery and further augment the physiological response
of Tregs after MI, which would be beneficial for the
prevention of cardiac remodeling.

A previous experimental report showed that
the expansion of Tregs by the administration of a
superagonistic anti-CD28 monoclonal antibody improved
cardiac wound healing and survival after MI without severe
adverse effects, indicating the attractive anti-inflammatory
approach for this disease.® However, in humans, such
antibody therapy may cause general immunosuppression
and adverse immune responses. Moreover, the high cost
will limit the clinical use of such drugs for a long time.
Therefore, other strategies to mitigate inflammatory
responses should be explored. Based on its potent anti-
inflammatory and immunomodulatory effects, UVB-
based phototherapy is clinically used for treating various
cutaneous diseases, with few major adverse reactions, if
excessive exposure is avoided. Several UVB wavelengths
are well-validated and effective for treating cutaneous
diseases.” Our recent experimental studies identified a
couple of UVB wavelengths effective for preventing
atherosclerotic disease.*'® Among them, 282-284 nm
UVB seems to be the most effective UVB for augmenting
Treg immune responses and preventing atherosclerosis
in mice.® Given these results, it would be interesting to
determine whether this UVB wavelength effectively
promotes cardiac wound healing after MI.

Atherosclerosis is a major cause of fatal coronary
artery disease including MI, whose therapeutic and

Photomedicine and Photobiology, Vol.47, 2026

preventive approaches are still insufficient. Chronic
inflammation is responsible for the pathogenesis of
atherosclerotic cardiovascular disease.*® Emerging clinical
evidence suggests that anti-inflammatory therapies could
be potentially attractive approaches for preventing
cardiovascular diseases in patients with a history of
ischemic heart disease,’*?! although the preventive effect
of these therapies on heart failure has not been fully
elucidated. Experimental evidence indicates that Tregs
play an important role in controlling hypercholesterolemia-
induced atherosclerosis* and cardiac remodeling after
MI® through anti-inflammatory mechanisms. Given the
protective effect of broad-band UVB on heart failure after
Ml and the development of atherosclerosis,® this UVB
therapy could be an attractive anti-inflammatory approach
for preventing not only the occurrence of Ml but also its
fatal complications such as severe heart failure.

Conclusion

We demonstrated that broad-band UVB irradiation
prevents cardiac remodeling and improves survival after
MI by augmenting anti-inflammatory Treg immune
responses and inducing pro-resolving macrophages. We
elucidated the unrecognized role of broad-band UVB in
promoting myocardial healing after MI. Our data suggest
that broad-band UVB phototherapy may serve as an
attractive strategy for preventing heart failure following
MI.
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Optogenetic vision restoration is emerging as a promising strategy for treating retinal degenerative diseases in which
photoreceptors are progressively lost while inner retinal neurons remain relatively preserved. By introducing light-sensitive
proteins into surviving retinal neurons, such as bipolar or retinal ganglion cells, optogenetics aims to re-establish light
responsiveness in degenerated retinas. Because this approach does not rely on correcting specific genetic mutations, it has
attracted considerable attention as a potentially universal therapeutic strategy for diseases including retinitis pigmentosa
and age-related macular degeneration.

A central challenge in this field is the development of molecular actuators capable of driving reliable visual responses
under physiologically relevant light conditions. In particular, optogenetic tools for vision restoration must combine high
light sensitivity, optimized spectral properties that minimize phototoxicity and improve tissue penetration, and stable
photocurrent responses suitable for sustained neuronal activation. Recent advances in rhodopsin research have significantly
expanded the repertoire of candidate molecules for such applications.

In this review, we discuss recent progress in optogenetic vision restoration from the perspective of rhodopsin biology
and molecular tool development. We highlight how microbial opsins such as channelrhodopsins (ChRs) enable direct
light-induced depolarization of retinal neurons, whereas animal opsins provide alternative strategies based on intracellular
signal amplification. We further discuss how the remarkable molecular diversity of rhodopsins in nature provides a rich
resource for discovering and engineering next-generation optogenetic tools.

Integrating rhodopsin biophysics with molecular engineering and translational vision science will be essential for

developing optogenetic therapies capable of restoring visual function under ambient light conditions.
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Abstract:

Redox systems involving organosulfur species play critical roles in metabolic regulation, signal transduction, and
diseases associated with oxidative stress. Among cysteine-derived sulfur oxides, sulfinic acids (R-SO,H) have received
considerably less attention than thiols (R-SH) and sulfenic acids (R-SOH), primarily because their weak nucleophilicity
and electrophilicity make selective capture and detection difficult. This review summarizes recent advances in chemical
probes designed to covalently capture and label sulfinic and sulfenic acids, with particular emphasis on turn-on fluorescent
molecules that emit only upon conjugation with sulfenic and sulfinic acid species. Following the early colorimetric work
using aryldiazonium salts, reactive scaffolds such as nitroso compounds, azodicarboxylates, S-nitroso derivatives, and
maleimides have been established for capturing sulfinic acids, while strained cycloalkynes, trans-cyclooctenes, and
dimedone-inspired motifs have enabled selective trapping of sulfenic acids. Turn-on fluorescent probes have recently
emerged, including a dimedone-type scaffold that captures sulfenic acids via ene-type C—S bond formation, a 1,2-allenic
ketone scaffold that operates via disruption of photoinduced electron transfer, and 1,8-naphthalimide-based azocarboxylates
that exhibit large Stokes shifts and high fluorescence quantum yields upon sulfinate addition. Polymer-tethered probes
have further expanded this toolkit. Chemical probes targeting sulfinic and sulfenic acids are rapidly maturing into practical
tools for analyzing trace sulfur-oxidized proteins under oxidative stress, and their further development is expected to
contribute to the elucidation of redox-related disease mechanisms and to new diagnostic and therapeutic strategies.

Keywords: oxidative stress, sulfinic acid, sulfenic acid, chemical probe, turn-on fluorescence

1. INTRODUCTION

Biological redox systems play essential roles in ox. R{S%R
metabolic activity, signal transduction, and physiological /K;d. ipeniifion
functions, and are also closely associated with oxidative g
stress implicated in various diseases (1-4). In particular, Thiols
thiols (R-SH), whichbearhighly reactive sulthydryl groups, ) |
serve as oxidation targets and undergo both reversible and K = 0 S 0
irreversible transformations to different oxidation states ' b= 80 R—S—OH R
(Figure 1). Specifically, thiols are converted to disulfides i e o — sL.uo:c —
(R-S-S-R’) and polysulfides (R-(S),-R”) through oxidative |
oligomerization, and these species can be reduced back to . Contributionto -
the original thiols by thiol-disulfide exchange or by the :----—---—--—---—-‘j-)-(!c-j:a—t-ly-?-:-??—%g?-qI-a-%?-q—c-h-s-?-afﬁ?—-
glutathione and thioredoxin systems (5). An alternative \i = E L-Cysteine sulfinic au’d;
oxidation pathway exists, in which thiols are sequentially . ”,on ::::a%r:’s ety |
oxidized to sulfenic acids (R-SOH), sulfinic acids o o :
(R-SO,H), and finally sulfonic acids (R-SO;H) (6). These $BlyL sidfenio soid
sulfur oxoforms are not limited to transient intermediates EHo-s j~S  OH
of cysteine oxidation but also occur as bioactive natural ; 0)"{1 : Me  Sulfenicin |

products. For example, cysteine-derived sulfinic acids
such as L-cysteine sulfinic acid and hypotaurine are well-
known endogenous metabolites in mammals (Figure 1) Figure 1. Oxidative transformation of thiols into sulfur oxide

and the chemistry and biology of sulfinylated peptides species.
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have also been recently reviewed (7). In contrast,
sulfenic acids are generally too reactive to be isolated
in pure form. However, allyl sulfenic acid generated
from alliin by alliinase condenses spontaneously to give
allicin, the well-known defence molecule from garlic (8).
More recently, sulfenicin—a natural product bearing an
acylsulfenic acid functional group—was discovered from
a marine Streptomyces bacterium. Although the free acid
was unstable, it could be structurally characterized by
X-ray crystallography as its copper(Il) complex (9). While
sulfenic acids can be reduced back to thiols or converted
to polysulfides through intermolecular reactions, further
oxidation to sulfinic and sulfonic acids is generally
considered irreversible under physiological conditions (7,
10). Notably, a reduction pathway of sulfinic acids back to
thiols by sulfiredoxin has been identified, establishing the
reversibility of this step (11, 12).

These oxidized sulfur species are estimated to constitute
approximately 5% of cellular protein Cys residues under
steady-state conditions (10), and this level can rise to as
much as 40% under oxidative stress (13). Among these
modifications, sulfenylation of redox-sensitive cysteines
has emerged as a key regulatory switch that modulates
protein activity, localization, and interactions, thereby
contributing to the pathogenesis of thrombotic disorders,
diabetes, cardiovascular diseases, neurodegenerative
diseases, and cancer (11-13). Notably, sulfenylated
proteins have also been explored as molecular targets for
diagnostic radiotracers and as starting points for covalent
inhibitor design (13). Understanding the mechanisms that
control the balance among these sulfur species and their
physiological roles is therefore critically important, and
has driven significant interest in the fields of chemical
biology and drug discovery, particularly in the detailed
study of cysteine-derived redox reactions (1-4). Among
these oxidized sulfur species, sulfinic acids (R-SO.H)
have attracted particular attention, partly because efficient
methods for their selective and direct monitoring remain
to be established.

Various methods are known for the detection and
imaging of sulfur compounds, including chemical probes
for hydrogen sulfide (H.S) and other reactive sulfur species
(14). In contrast, protein-bound sulfur species exist in
diverse molecular environments rather than as discrete
small molecules. Therefore, directly attaching a tag to the
target through covalent bonding (i.e., labeling) is desirable
for their detection, stable isolation, and identification.

2. ORGANIC MOLECULES CAPABLE OF
CAPTURING SULFINIC AND SULFENIC
ACIDS

Sensing technologies for supersulfides have attracted
considerable attention in recent years (15). Beyond
supersulfides, the development of selective methods
for capturing sulfenic and sulfinic acids—the other
major branch of cysteine oxidation chemistry—has also
emerged as a pressing need. In contrast to thiols (R-SH),

which possess very high nucleophilicity and oxidative
reactivity, the products of this alternative oxidation
pathway differ markedly: sulfenic acids (R-SOH) are
extremely unstable and thus require rapid capture, while
sulfinic acids (R-SO;H) exhibit weak nucleophilicity
and electrophilicity, making their capture and labeling
difficult. As a result, effective detection and analytical
methods have remained limited.

The early analytical method for sulfinic acid detection
was a colorimetric assay. For example, Babbs and Gale
reported a colorimetric assay in which methanesulfinic
acid reacts with aryl diazonium salts to form a colored
azosulfone (Figure 2a) (16). While this approach provided
a simple readout for sulfinate quantification in solution,
it lacked the selectivity and sensitivity required for
proteomic applications. Carroll and co-workers reported
the first major advance in chemoselective sulfinate
capture, demonstrating that aryl-nitroso compounds
undergo rapid and chemoselective ligation with sulfinic
acids to give stable sulfonamide adducts (17). Building
on this principle, the same group later introduced an
electrophilic diazene probe bearing an alkyne handle
for click chemistry, which enabled chemoproteomic
mapping of protein S-sulfinylation in HeLa cells and
identified more than 50 new substrates of sulfiredoxin
(18). In parallel, Martin and co-workers established
complementary capture chemistries: a biotinylated
S-nitroso reagent for affinity enrichment of sulfinylated
cysteines (19), and a maleimide-linked profiling probe for
monitoring protein S-sulfination across the proteome (20).
Together, these MS/MS-based proteomic studies marked a
turning point in the field, transforming sulfinic acid from
an analytically intractable modification into a quantifiable
post-translational mark.

For the less oxidized but highly unstable sulfenic
acids (R-SOH), dimedone has long been used as a
sulfenic acid trap, forming a stable thioether adduct
upon nucleophilic addition (Figure 2b). In fact, Chang
and co-workers used a cholic acid—conjugated dimedone
probe to chemoproteomically profile the active-site
cysteine sulfenic acid form of bile salt hydrolases (BSHs),
revealing that BSH activity is regulated by oxidative
post-translational modifications (21). In addition, more
efficient capture methods have since been developed,
including strained cycloalkynes by King and co-workers
(22) and trans-cyclooctenes by Fox and co-workers (23).

As described above, sulfinic and sulfenic acid species
among organic sulfur oxides have been recently recognized
as molecular targets, and effective capture methods are
beginning to emerge. These probes function as light-
emitting reporters that signal target capture, enabling
analysis of cysteine oxoforms in cells. Although practical
implementation still requires further development and
broader participation across the community, effective
covalent capture methods illustrate the growing interest in
this expanding research field.

~ 16—



a) Sulfinate-labeling molecules

0 2 )
OR"
R‘O N o “ I N e R.
R'o~<
N \
o
Ar—N*:N % N -Ss R
Proteln— S OH
Pepllde Sulfinic acids
o] (o]
R f//oo - \\ /, o
\
Q. N—NH N—R'
N rRo—(
—~S~
B ° °
r
i g//O ~g o R
\R I\

Color change

b) Sulfenate-labeling molecules

@ 0 Biotin OO Biotin ﬁ:/r

Me Me

Protein—S—0H
]
R
Sulfenic acids

@ Oﬂlotlr;@ O-Biotin W\if

Me Me

Figure 2. Molecular designs for scavenging sulfinic and sulfenic
acids.

3. TURN-ON FLUORESCENT PROBES
FOR SULFENIC AND SULFINIC ACID
DETECTION

Although covalent capture strategies for sulfenic and
sulfinic acids have been developed, as outlined in the
previous section, several practical limitations remain.
Except for the early colorimetric assay with aryl diazonium
salts, most existing probes are "always-on" molecules or
require conjugation with separate fluorophore units. The
intrinsic fluorescence of "always-on" probes necessitates
a washing step to remove unreacted probe, which is
unsuitable for the analysis of low-abundance sulfenylated
and sulfinylated proteins. To overcome this limitation,
"turn-on" fluorescent probes—in which fluorescence
emission is activated only upon covalent ligation with
the sulfenic and sulfinic acid moieties—offer a powerful
alternative for the selective and wash-free detection of
S-sulfenylation and S-sulfinylation.

Building on the sulfenic acid-scavenging strategies

Photomedicine and Photobiology, Vol.47, 2026

(Figure 2b), Carroll and co-workers extended their
dimedone-based chemistry into a turn-on fluorogenic
platform, in which fluorescence emission is selectively
activated upon covalent adduct formation with cysteine
sulfenic acid (®r. = 0.009 and 0.02 in PBS for CysOx1
and CysOx2 adducts, respectively) (Figure 3a) (24).
Through an ene-reaction-type covalent C-S bond
formation at the a-carbon of the sulfonyl ketone scaffold,
the keto-enol tautomerism responsible for fluorescence
quenching is suppressed, resulting in turn-on fluorescence.
The resulting cell-permeable probes CysOx1 and CysOx2
exhibited rapid reactivity, high selectivity, and minimal
cytotoxicity, enabling no-wash live-cell confocal imaging
of endogenous protein S-sulfenylation in HelLa cells.
These probes were further adapted into a high-throughput
assay for screening kinase inhibitors, revealing GSK3-
mediated regulation of the cellular sulfenome.

a) Dimedone-based turn-on fluorescent probe of sulfenic acids

Sulfenic acids
Protein—S—0H

via H

CysOx1 (R'= NH,) 9, %
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b) Allenic ketone-based turn-on fluorescent probe of sulfinic acids
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Figure 3. Turn-on fluorescent probes of sulfenic and sulfinic
acids based on dimedone- and allenic ketone-type molecules.

Whereas Carroll's CysOx probes target sulfenic acids,
Strongin, Yang and co-workers focused on the more
oxidized sulfinic acids and designed a fluorogenic probe,
pyrene allenyl ketone (named as PAK in the literature),
that incorporates a 1,2-allenic ketone as the sulfinic
acid recognition unit tethered to a pyrene fluorophore
quenched by intramolecular photoinduced electron
transfer (PeT or PET) (Figure 3b) (25). Nucleophilic

17 -



1,4-conjugate addition of a sulfinic acid to the central sp-
hybridized carbon of the allenic ketone converts it into a
B,y-unsaturated enone, disrupting the PeT pathway and
producing a pronounced turn-on fluorescence response
(®rL = 0.44 in phosphate buffer). Although biothiols (e.g.,
Cys, GSH) also add to the allenic ketone, they generate
ao,pB-unsaturated enone adducts in which PeT is retained,
rendering these products only weakly emissive and thereby
avoiding interference. PAK exhibited high selectivity and
sensitivity for sulfinic acids in vitro and, critically, enabled
direct fluorescence imaging of protein S-sulfinylation in
living cells, providing a rare example of a chemoselective,
reaction-based turn-on probe for this oxidative cysteine
modification.

Independently of the studies by Carroll and co-workers
(18), Tanimoto's group had observed that azodicarboxylates
rapidly capture sulfinic acids both at room temperature and
even at cryogenic temperatures down to —78 °C, a finding
made during unrelated investigations of nitrosoallene
chemistry (26-28). Inspired by this serendipitous reactivity
together with Carroll's chemical biology applications
of azodicarboxylates, Tanimoto and co-workers sought
to exploit it for the development of fluorescent probes
targeting sulfinic acids. Specifically, they employed
1,8-naphthalimide as a molecular scaffold and installed
an electron-donating hydrazino group at the 4-position;
subsequent oxidation generated the corresponding
electron-withdrawing and photo-quenching azo (diazene)
functionality, whose disruption upon sulfinic acid addition
was designed to switch on intramolecular charge transfer
(ICT) fluorescence (Figure 4a) (29).

Synthesis and evaluation of various substrates revealed
that, when acyl-type protecting groups were employed on
the nitrogen atom, the diazene intermediate—generated by
oxidation of the hydrazide—was unstable and underwent
loss of the azo group, affording the non-fluorescent
naphthalimide scaffold without sulfinate capture. In
contrast, replacing the acyl group with a carbamate group
afforded a stable diazene that, upon oxidative activation,
reacted rapidly and quantitatively with sulfonyl radicals
generated in situ from sulfinate salts and acetyl chloride
at room temperature to give the corresponding adducts.
Notably, the regioisomer in which sulfinic acid added to
the nitrogen on the carbamate side (the bold N in Figure
4a) exhibited strong fluorescence with a large Stokes
shift exceeding 100 nm and remarkably high fluorescence
quantum yields of 0.91 in THF and 0.54 in methanol. In
contrast, the starting hydrazide, the unreacted diazene
itself, and the corresponding regioisomeric sulfonyl
hydrazide adduct showed virtually no or only faint
emission in most solvents. These properties enable highly
sensitive detection of sulfinylated species even at trace
levels, thereby establishing a turn-on fluorogenic platform
in which only sulfinic acid—capturing molecules emit
fluorescence.

Building on the success of this monomeric system,
Tanimoto and co-workers further developed a polymeric

a) Azocarboxylate-based
2 Me Me
Sulfinate-labeling molecules
(o] N o]
HN..
o] O'Bu oo
NofFaint fluorescence Nl
HN_ S,
i via 1 N R
l oxidation oo }\
"y Y 07 ~0Bu
WNagr > R| | strong fluorescence
Me/\(\Me )\ (tum-on)
o N (o] (o] OBu
O Sodium Sulfinates
o
May 1
R—S5—ONa e
o oy -+ Acetyl chloride R._N_
f}s\\ NH
No fluorescence \ oo éj\
o O'Bu
No fluorescence

b) Application to polymer material
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o\/]:;\ e
R—5—0Na
Sodium sulfinates
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= polymer

O E
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] —in
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Figure 4. Azocarboxylate-based turn-on fluorescent probe of
sulfinates and its polymer application.

turn-on fluorescent probe for sulfinic acids by tethering
the naphthalimide-based azocarboxylate reactive unit
to a polymethacrylate backbone (Figure 4b) (30).
Before sulfinate capture, the azo group efficiently
quenches the naphthalimide emission, rendering the
pendant naphthalimide units essentially non-fluorescent.
Nucleophilic addition of a sulfinate salt to the azo nitrogen
affords a sulfonylhydrazide-type adduct, eliminating the
azo-based quenching pathway and switching on strong
naphthalimide fluorescence. A key design finding was that,
within the polymer scaffold, non-emissive regioisomeric
adducts exerted only minimal intramolecular quenching
on neighboring activated fluorophores, allowing the
polymer to retain a substantial turn-on fluorescence (®p. =
0.38 in THF and 0.20 in methanol) upon sulfinate addition.
The authors demonstrated selective, covalent capture
of sulfinates with robust fluorescence enhancement,
highlighting the polymethacrylate-tethered naphthalimide
azocarboxylate as a promising scaffold for fluorescent
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Turn-on fluorescent

probe molecules CysOx PAK

Azonaphthalimide

Sulfinic acids
(R-SO;H)

Sulfenic acids
(R-S-OH)

capturing
sulfur oxoforms

Sulfonyl radicals
generated in situ
from sulfinates

(R-SO,)
Fluorescence 0.009 (CysOx1) 0.44 monomer:
quantum yields (®g) 0.02 (CysOx2) (phosphate buffer) 0.91 (THF), 0.54 (MeOH)
(PBS) polymer:
0.38 (THF), 0.20 (MeOH)
Aem and 606 (159) 468 (101) Monomer: 505 (139)

Stokes shift (nm)

Polymer: 503 (125)
(MeOH)

Table 1. Summary of the introduced turn-on fluorescent probe compounds for sulfenic and sulfinic acids

labeling and detection of protein S-sulfinylation.

Table 1 summarizes the photophysical and mechanistic
features of the three turn-on fluorescent platforms
described above. These probes target distinct cysteine
oxoforms through complementary activation mechanisms.
CysOx detects sulfenic acids via ene-type C-S bond
formation that suppresses the keto—enol tautomerism
responsible for fluorescence quenching. For sulfinic acids,
PAK operates via 1,4-conjugate addition that disrupts
PeT through formation of a f,y-unsaturated enone. In
contrast, the naphthalimide—azocarboxylate platform
captures sulfonyl radicals generated in situ from sulfinates
via ICT activation accompanying loss of the diazenyl
quencher. The emission wavelengths of these adducts
span blue (PAK, 468 nm), green (the azonaphthalimide
platform, ca. 505 nm), and red (CysOXx, 606 nm), offering
opportunities for multiplexed imaging of distinct cysteine
oxoforms. Together, these mechanistically complementary
platforms provide a versatile toolkit for selective, wash-
free detection of cysteine oxidation states in complex
biological samples.

4. CONCLUSION AND OUTLOOK

This review has summarized recent developments
in capture-labeling molecules and luminescent probes
targeting sulfenic and sulfinic acid species, less-studied
oxidative cysteine modifications generated under
oxidative stress. The chemical strategies surveyed here
illustrate two complementary modes of selective capture.
Sulfenic acids (R-SOH), as transient and electrophilic
species, are most efficiently trapped by carbon-based
reactive scaffolds such as 1,3-dicarbonyl compounds (e.g.,
dimedone derivatives), strained cycloalkynes, and trans-
cyclooctenes. In contrast, sulfinates (R-SO), with weak
nucleophilicity and electrophilicity, require electrophilic
counterparts that include aryl-nitroso compounds,

azodicarboxylates, S-nitroso reagents, and maleimides.
The recent integration of these capture chemistries with
fluorogenic readouts—exemplified by pyrene-conjugated
1,2-allenic ketone and naphthalimide—azocarboxylate
platforms—represents an important step toward the
selective, wash-free detection of cysteine oxoforms in
complex biological samples. Although many challenges
remain before these technologies can be applied in
practice, further development of chemical probes targeting
reactive sulfur species is anticipated to enable the sensitive
detection of low-abundance oxidatively damaged
proteins under oxidative stress conditions. For example,
turn-on fluorescent probes targeting cysteine oxoforms
could enable real-time visualization of oxidative stress
hotspots in living tissues, supporting applications such
as intraoperative fluorescence imaging and image-guided
surgical resection of pathological lesions. They could also
serve as companion diagnostics for monitoring the efficacy
of redox-targeted therapies, including photodynamic
treatments, in which precise control of oxidative damage
is essential. As analytical methods continue to advance
in precision, these developments are expected to lead
to novel therapeutic and diagnostic strategies for redox-
related diseases.
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ABSTRACT

Myopia prevalence has rapidly increased worldwide, particularly in East Asia, and pathological myopia is now
a major cause of visual impairment. Recent studies have revealed that myopia progression is not merely a refractive
error but a dynamic dysregulation of ocular growth involving coordinated interactions among the retina, choroid, and
sclera. Epidemiological studies have consistently demonstrated the protective effects of outdoor activity against myopia
progression, suggesting the importance of environmental light exposure. We identified violet light (360-400 nm),
which is abundant in sunlight but largely absent from modern indoor environments, as a suppressive factor for myopia
progression. Experimental studies demonstrated that violet light suppresses axial elongation and choroidal thinning
through the non-visual opsin OPNS, expressed in retinal ganglion cells. Furthermore, OPNS5-dependent activation of the
transcription factor EGR1 was shown to contribute to myopia suppression. Recent studies also revealed that maintenance
of choroidal homeostasis plays a critical role in ocular growth regulation. These findings suggest that non-image-forming
photoreception constitutes a novel biological system regulating axial elongation and highlight the therapeutic potential of

photobiology-based interventions for myopia control.

Key words: Myopia progression, axial elongation, non-visual opsin, OPN5, EGR1
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Monitoring of protonation in triplex-forming oligodeoxynucleotides
by Raman spectroscopy
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ABSTRACT

Elucidating the DNA structures formed through protonation of cytosine bases is essential for understanding the
fundamental properties and functions of DNA. In this study, we designed a Raman-based approach for detecting cytosine
protonation in a triplex structure using oligodeoxynucleotides (ODNs) bearing a phenylacetylene-tagged cytosine
derivative, d"?C. A pH-dependent Raman shift was observed when monomeric d"°C was exposed to different pH
conditions, indicating that cytosine protonation can be monitored by tracking the acetylene signal. We applied this system
to a triplex-forming DNA sequence and confirmed high-wavenumber shift of the acetylene band of d¥?C in the strand,
when the ODNs formed triplex that accompanied protonation. Thus, Raman spectroscopy using an acetylene-tagged
cytosine probe enables direct monitoring of cytosine protonation associated with DNA triplex formation.

KEY WORDS: Raman spectroscopy, Cytosine Protonation, Oligodeoxynucleotides, Acetylene Tag

INTRODUCTION

DNA forms higher-order structures under specific
conditions.*? For example, in guanine-rich DNA, guanine
bases stack in a planar arrangement to form a quadruplex
known as a G4, while in cytosine-rich DNA, a quadruplex
called an i-motif is formed.>* Furthermore, polypurine
and polypyrimidine sequences form triplex under acidic
conditions in the presence of metal ions.® The formation
of these higher-order structures has been reported in living
organisms, and it is recognized that they have played
an important role in regulating the functions of DNA
transcription and translation.®” Therefore, elucidating the
functions of these higher-order DNA structures remains a
major challenge in understanding the fundamental roles of
DNA, and detecting the formation of these structures is of
great importance.

Methods for analysis of biomolecular structures and
for bioimaging using Raman spectroscopy have attracted
scholarly attention.®® Raman spectroscopy has been
widely utilized to detect molecular vibrations. Since
the Raman scattered light contains information about
vibrations originating from interatomic bonds within
molecules, detecting it allows us to obtain structural
information at the atomic level. Recently, a number of
Raman probes bearing acetylene tags that emit strong
signals have been designed to visualize cell nuclei,
enzymes, and other biomolecules.™!" Our group has
also developed a molecular system to detect the detailed
structure of DNA using Raman spectroscopy.’? We
prepared oligodeoxynucleotides (ODNs) bearing an
acetylene tag on cytosine base to monitor its behavior.
Monitoring of the Raman signal enabled clear detection of
cytosine protonation in i-motif DNA, even in complicated
environments.

In this study, we focused on Raman spectroscopy to

monitor one of the most important DNA structures, triplex.
DNA triplex consists of Hoogsteen hydrogen bonding
that includes the protonation at cytosine. Based on our
previous results, we expected that Raman spectroscopy
would enable the monitoring of DNA triplex formation
through the detection of cytosine protonation. Herein,
we attempted to prepare ODNs bearing a Raman tag (a
phenylacetylene tag) on cytosine (d™°C) and applied them
to monitor protonation at cytosine base that caused triplex
formation (Fig. 1). Eventually, we found that pH change
resulted in a band shift of the signal from the acetylene
tag upon protonation at the conjugated pyrimidine ring
on dYPC. We also applied the system to the identification
of protonation of ™C in triplex structures. The band shift
of the acetylene unit in triplex-forming ODNs occurred
around pH 5.0, under conditions in which the ODNs

The third strand ¢ Protonation &

. Triplex formation
\

H* O O0O0OO0O0OO0OO0O0O0Oo

¢ (Protonation)
AN ]Raman tag
© 5

Protonation &
Raman signal shift

N o
a“Pc °
(Protonated)
O,

i i
"""" Raman Shift

Fig. 1. (A) Chemical structure and protonation of dM°C. (B)
Schematic illustration of protonation and triplex formation of
ODNSs bearing Raman tag (dY°C). filled circle: Watson-Crick
base pair, open circle: Hoogsteen base pair. (C) Conceptual
drawing of the signal shift in Raman spectra upon protonation.
Non-protonated (black line) or protonated ODNs (red line).
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formed triplex. Thus, the triplex formation through
cytosine protonation could be tracked by means of Raman
spectroscopy.

MATERIALS AND METHODS

General Method. Reagents were purchased from Wako
pure chemical industries, Tokyo chemical industries and
Sigma Aldrich. The compound 1 (d“°C) was synthesized
by the methods reported previously.”> NMR spectra were
recorded on JEOL JIN-ECX500 II (*H: 500 MHz,"3C: 125
MHz) spectrometer and chemical shifts were expressed
in ppm downfield from tetramethylsilane, using residual
protons in solvents as internal standards. Raman spectrum
measurement was carried out on a RENISHAW in Via
Raman Microscope.

Synthesis of ODN 1 (General procedure for the
preparation of ODNs bearing dVFC)

A solution of dM°C (219.6 mg, 0.614 mmol) in 3 mL
of anhydrous pyridine was added to 4,4’-dimethoxytrityl
chloride (306.3 mg, 0.904 mmol) and then stirred for 5 h
under N, atm at room temperature. The resulting mixture
was concentrated with toluene under vacuum. The crude
product was purified by silica gel column chromatography
(chloroform / methanol = 10 / 1) to give tritylated d"*C
(147.7 mg, 57%) as white solid. 'H NMR (DMSO-ds, 500
MHz) & 8.02 (s, 1H), 7.79 (s, 1H), 7.42 (d, J = 10.0 Hz,
2H), 7.32-7.27 (m, 6H), 7.22-7.15 (m, 3H), 6.99 (s, 1H),
6.88-6.83 (m, 6H), 6.15 (t, J = 10.0 Hz, 1H), 5.31 (d, J =
5.0 Hz, 1H), 4.28 (ddd, J = 18.5, 10.0, 2.5, 1H), 3.99-3.96
(m, 1H), 3.76 (s, 3H), 3.66 (d, J = 3.0 Hz, 6H), 3.22-3.14
(m, 2H), 2.28 (ddd, J = 13.5, 5.5, 3.0 Hz, 1H), 2.14-2.08
(m, 1H); *C NMR (DMSO-ds, 125 MHz) § 163.8, 159.2,
158.0, 153.1, 148.9, 146.1, 144.6, 143.3, 135.6, 1354,
132.8, 129.7, 129.6, 127.9, 127.6, 126.7, 114.3, 113.8,
113.2,99.4, 98.5, 96.4, 93.8, 90.3, 86.1, 85.9, 85.6, 79.5,
70.8,63.7,55.2,54.9,41.0; FABMS (NBA) m/z 660 [(M +
H)*]; HRMS calcd. for C3yH;/N;O7 [(M + H)*], 660.2632;
found, 660.2723; mp, 239.5-244.8 °C.

N,N-diisopropylethylamine (77 pl, 0.442 mmol) and
2-cyanoethyldiisopropyl-chlorophosphor-amidite (55 ul,
0.247 mmol) were added to tritylated dMPC (65.5 mg,
0.0957 mmol) in THF (950 pl) and stirred for 4 h at room
temperature. After the reaction, the mixture was filtered
and placed on DNA synthesizer. After automated DNA
synthesis, ODN 1 was purified by reversed phase HPLC.
Identities of synthesized oligomers were identified by
MALDI-TOF mass spectrometry (ODN 1: [M - H] calcd.
6439.1, found 6438.2, ODN 2: [M - HJ caled. 3629.5,
found 3629.2).

Measurement of Raman Spectra. The samples of ODNs
were prepared in sodium phosphate buffer and the sample
solution was dropped on a hole glass slide (14~15 ¢ x
0.6 mm), then a cover glass (0.12~0.17 mm) was placed
on the hole. Raman spectra were measured by means of
the excitation at 532 nm. The laser output was focused

into the sample by 100 x objective lens (Leica N Plan
Epi 100x/0.85). The slid width of the spectrograph was
20 um. The laser power was 50 mW and exposure time
for a point was 80—100 sec. Raman spectra were acquired
with a confocal unit Renishaw inVia Raman Microscope
(Renishaw plc). The acquired images were analyzed and
processed for multicomponent analysis with the software
WIiRE 2.0 (Renishaw plc, UK).

Measurement of absorption spectra and CD spectra.
The samples were prepared and the absorption spectra
were recorded on a JASCO-V630 spectrophotometer. UV
spectra were obtained by monitoring the UV absorbance
at 240—400 nm. For measurement of melting temperature
(Tm), 2.0 uM of appropriate ODNs were dissolved in 50
mM sodium phosphate buffer (pH 5.0) containing 100 mM
KCI. Melting curves were obtained by monitoring the UV
absorbance at 260 nm with elevating temperature from 2
°Ct090 °C atarate of 1 “C/min. CD spectra were recorded
using JASCO J-805 circular dichroism spectrometer. The
scans were gathered over the wavelength ranging from
200 to 350 nm in a 0.1 cm path length cell at the standard
sensitivity, data pitch 0.5 nm, continuous scanning
mode, scanning speed 50 nm min?, response 8 sec, and
bandwidth 1 nm.

RESULTS AND DISCUSSION

Initially, we measured absorption spectra of monomeric
dPC under different pH conditions in order to elucidate its
protonation. As shown in Fig. 2A, distinct pH-dependent
changes in the absorption bands were clearly observed.
At pH 1.5, dM?C predominantly existed in its protonated
form and exhibited an absorption maximum at 330 nm,
whereas at pH 5.0, it shifted almost entirely to its neutral
form and exhibited an absorption maximum at 320 nm.
Based on these spectral changes, the pK, value of d""C
was estimated to be 3.0. Next, Raman spectra of dM"C
were measured using 532 nm excitation. As shown in
Fig. 2C, dPC exhibited a characteristic acetylene band at
approximately 2218 cm™ under neutral conditions. Upon
decreasing the pH from 7.2 to 2.1, a shift in the acetylene
band was observed. The band position remained almost
unchanged between pH 7.2 and 5.0; however, under more
acidic conditions below pH 3.5, the band shifted markedly
from 2218 to 2225 cm™. The fact that the Raman spectra
exhibited pH-dependent behavior similar to that of the
absorption spectra indicates that the protonation of dM°C
can be monitored using the Raman spectroscopy.

To monitor the protonation in ODNs by Raman
spectroscopy, we attempted to introduce dM°C into the
strand. For the preparation of ODNs bearing dM"C (ODN 1
and ODN 2), we synthesized the amidite derivative of dMC
(Fig. 3A) that was incorporated into the strand by means
of standard automated DNA synthesis.* The sequence of
synthesized ODNs as confirmed by MALDI-TOF mass
spectrometry are summarized in Fig. 3B. Initially, Raman
spectra of ODN 1 were recorded to evaluate its protonation
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behavior. Under neutral conditions, a strong Raman
band appeared at 2216 cm™', which was assigned to the
acetylene units of ODN 1. Upon lowering the pH to 2.0,

the band of dMC in ODN 1 shifted to 2225 cm™. Stepwise
acidification showed that the wavenumber changes of
ODN 1 exhibited an inflection point at approximately pH
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Fig. 2. (A) Absorption spectra of dM°C (50 uM) at pH 7.6 (deep red), 6.6 (purple), 5.5 (dark blue), 4.8 (blue), 3.5 (light blue), 3.3 (green),
3.0 (light green), 2.8 (yellow), 2.5 (orange) and 1.5 (red). (B) Concentration profiles of protonated or unprotonated dM°C. The data
were obtained from absorbance at 350 nm in Figure 2A (pK. = 3.0). (C) Raman spectra of d°C (50 mM) measured under different pH
conditions (pH 7.2: black line, pH 2.1: red line). Raman spectra of dM"C were obtained with excitation at 532 nm. (D) Signal shift of
dMPC as decreasing pH conditions. Results are shown with the mean + SD (n = 3).
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Fig. 3. (A) Synthesis of ODNs. Reagents and conditions: (a) DMTrCl, Pyridine, 57%. (b) 2-Cyanoethyldiisopropyl chloro
phosphoramidite, diisopropylethylamine, CH;CN (c) Automated DNA synthesis. (B) The ODNs used in this study.

(A) (B)
2228
1.0 _. 2226
= % .
2 0.8 5 2004
o g
E S 2222
S 06 2
o 5
N 2 2220
5 04 g
5 S 2218 {
02 2216 ¢ .
0 214
2125 2175 2225 2275 2325 1.0 2.0 3.0 4.0 50 6.0 7.0 80

Wavenumber (cm™) pH

Fig. 4. (A) Raman spectra of ODN 1 (2 mM) measured under different pH conditions (pH 7.2: black line, pH 2.1: red line). Raman
spectra of ODN 1 were obtained with excitation at 532 nm. (B) Signal shift of ODN 1 as decreasing pH conditions. Results are shown
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Fig. 5. (A) UV melting curve measured at 260 nm for ODN 2/HP 1 (2 mM, solid line) and HP 1 (2 mM, dashed line) in 50 mM sodium
phosphate buffer (pH 5.0) containing 100 mM KCI. (B) CD spectra of ODN 2/HP 1 (10 uM) at varying pH values (pH5.0: solid line,
pH 7.0: dashed line). (C) Raman spectra (Excitation at 532 nm) of ODN 2/HP 1 (2 mM) in 50 mM sodium phosphate buffer at different
pH conditions (pH 7.0: black line, pH 5.0: red line). (D) Signal shift of ODN 2/HP 1 triplex or single-stranded ODN 2 at different pH
conditions (pH 5.0 or 7.0). Results are shown with the mean + SD (n = 3).
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3.0 (Fig. 4B), consistent with the pK,value of dM"C. These
findings strongly suggest that the observed Raman band
shift arises from protonation of dMPC within the ODN:ss.

As described above, we found that protonation in ODNs
can be detected using Raman spectroscopy. Finally, we
monitored triplex formation that accompanied protonation
at cytosine using DNA sequences capable of forming a
triplex. The triplex-forming sequence was designed based
on a previous report in which a 12-mer single-stranded
DNA formed a triplex with a hairpin-type 28-mer DNA
(HP 1) through Hoogsteen hydrogen bonding.'® For
this evaluation, we used an ODN (ODN 2) in which the
central cytosine base was replaced by dMPC. To confirm
whether ODN 2/HP 1 formed a triplex, we conducted two
experiments. The first method involved measuring the
melting temperatures (Tm) of hairpin HP 1 or ODN 2/HP 1
triplex. We measured the Ty, value in the presence of KCI
at pH 5.0. As shown in Fig. SA, for ODN 2/HP 1 triplex, a
first Ty was observed at 41.5 °C and a second T at 77.5°C.
The control experiment revealed that the HP 1 alone
exhibited no T near 41 °C, but a transition point believed
to be the T of HP 1 was observed at the high temperature
of 77.5 °C. Therefore, we concluded that the lower-
temperature T, (41.5 °C) corresponds to the dissociation
of the triplex into a duplex. Subsequently, we monitored
triplex formation using CD spectroscopy. For the ODN 2/
HP 1 triplex, CD spectra were recorded at pH 5.0 and 7.0
to examine the pH dependence of triplex formation. At pH
7.0, no negative Cotton effect was observed around 210
nm. In contrast, as the pH was lowered, a characteristic
negative Cotton effect appeared around 210 nm, indicating
triplex formation.'®*” These results clearly indicate that the
ODNs formed a triplex at around pH 5.0. Similar results
were obtained in the corresponding experiments using
the sequence lacking d“PC. These results of T, and CD
measurements indicate that the ODN 2 formed a stable
triplex with HP 1 under slightly acidic conditions even at
room temperature.

Subsequently, we measured Raman spectra of the
ODN 2/HP 1 under conditions of pH 5.0 and 7.0. As
shown in Fig. 5C, under neutral conditions, the acetylene-
derived signal was observed at 2217 cm™ for the mixture
of ODN 2 and HP 1. On the other hand, under acidic
conditions, the signal for ODN 2/HP 1 shifted to a higher
wavenumber by approximately 3 cm™. Since this change
was small, the possibility of experimental error was
considered; however, repeated measurements revealed
a consistent trend toward higher wavenumbers under
acidic conditions. We also found that the signal of single-
stranded ODN 2 did not shift at pH 5.0, because the pK,
of dMPC is approximately 3.0 and dM"C on single-stranded
ODN 2 was not protonated within the pH range of 5.0 to
7.0. Based on these findings, we concluded that this signal
change of ODN 2/HP 1 at pH 5.0 indicates protonation at
d“PC resulting from triplex formation. In addition, in the
case of monomeric d¥PC and d“PC in the single stranded
ODN, the Raman spectral change was observed at around

pH 3.0. In contrast, the change in the Raman band of
d“PC incorporated into ODN 2 was observed at pH 5.0
under triplex-forming conditions. According to our CD
measurements, the triplex structure was clearly formed
around pH 5.0. These results suggest that the formation
of the higher-order triplex structure alters the local
environment and physical properties of d“FC, thereby
facilitating protonation and/or changing the Raman signal
of d¥°C even at pH 5.0. Similar changes in the physical
properties of nucleobases induced by stacking interactions
and higher-order structure formation have been reported
for unmodified DNA structures.? Therefore, we believe
that changes in the local environment of the nucleobase
caused by triplex formation may also occur in our system
and contribute to the Raman band shift observed at pH 5.0.

CONCLUSION

In conclusion, we attempted to monitor the protonation
at cytosine base in triplex structure. We prepared cytosine
derivative d¥PC bearing an acetylene unit as a Raman tag.
The measurement of Raman spectra revealed that dM°C
exhibited characteristic signal around 2220 ¢cm™ and the
protonation at d“°C resulted in a significant change in
the Raman band shift. We also found that ODNs bearing
d“PC showed similar behavior under acidic conditions,
indicating that protonation of ODNs bearing d°C could
be monitored using Raman spectra. In addition, Raman
signal obtained from d“"C in ODNs was changed by
approximately 3 cm™ to higher wavenumber, when the
ODNs formed triplex at pH 5.0. Thus, we successfully
monitored cytosine protonation using Raman spectroscopy.
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Abstract

Background: Far-ultraviolet-C (Far-UVC) light at 222 nm has attracted interest as a germicidal technology that may
be used in occupied spaces because of its limited penetration into biological tissues compared with conventional 254-nm
UVC. The ocular surface is a key tissue for safety evaluation because it is directly exposed to the external environment.

Methods: This review summarizes experimental and clinical evidence on the ocular safety of 222-nm Far-UVC, with
emphasis on corneal epithelial injury, ocular surface penetration, effects on corneal limbal epithelial basal cells, controlled
human exposure studies, and long-term observation in real-world irradiated rooms.

Results: Animal studies showed that filtered 222-nm Far-UVC caused substantially less acute corneal epithelial damage
than 254-nm UVC under comparable experimental conditions. Studies of the corneal limbus indicated that DNA damage
markers induced by Far-UVC were largely limited to the superficial epithelial layer and were unlikely to reach the basal cell
layer. Human exposure studies up to 75 mJ/cm? and prospective observations of workers in rooms irradiated with filtered
222-nm Far-UVC for 1 year and 36 months reported no clinically significant ocular injury under the tested conditions.
However, transient ocular symptoms and the dependence of safety on source spectrum, filtration, dose, exposure geometry,
and ocular surface condition remain important considerations.

Conclusions: Filtered 222-nm Far-UVC may have a favorable ocular safety profile under controlled exposure conditions.
Its safety should not be generalized solely from wavelength; implementation requires verified spectral filtering, exposure
measurement, device maintenance, and further evaluation in susceptible populations and long-term real-world settings.

Key words: 222-nm Far-UVC; corneal epithelial injury; human ocular safety; ultraviolet germicidal irradiation
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WBEETH LA, N2 TR &M% T 123
TE Vo BFICAIEEERIC I, AR R oA 2 H 9 Jk
EHIRE B X OIS D . A ORNE I3 526
R NIRRT B, ZIDREESNDL L,
FNE 1z - A IEE M o [ AR AR b, B
R ARG RREA SRR TICO 228
LUFEMED D B L72h > Ty AR ILE o 17
DD LN VA TH ., AR F LS - N
Bz A~ OB EME: & BN FFAL L 720

X & 1Z, 222 nm B X OF 207 nm Far-UVC o £ i i
R BRI~ D 2B & 5P L. Far-UVC 2 & %
DNAHEIEECH L 7 a7y VYY) I Vv 8k
(cyclobutane pyrimidine dimer; CPD) DO A2SEE L
TLhRERBICHRIG L. ZEEHINRE ~ D52 ZE AR 1 T
HrZlERLE (1), TOHRIZ. 222 nm Far-UVC
DOE BYEAS AR YL ER 7203 T < AP D Y
TRENHIAZLZRLTBY., BIRZEHEZ% 2
%59 ZTHEETH S,

72720 HURRE S OFHTICIZRA S H 5. B
AR E A igETid, v MREEICB T D0

K fReisite it BAORE AT
VA atsao0nm | FROPRAECHE MG CAMME . RIBL R | AT B
VB 0-g15nm | UVA £ D B ATEI [ FSRAMBLE, JRI. SRR AU O B2

254 nm UVC st | ABLR MR\ FARARE, AL, [ L TRAT
srmmpwrove | zzom | EARMCRELRE [FHAM T CUARES~0| AT AR
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H. JEiEhRE, IR, IRERmEE, 2527 L
VRN EOLEM F AL TWh v, Tz,
CPD eI 2 4B A3 32 % 53 2 B %8S CTH 5
A BALA ML AL R Mfash~ N Y v 2 2%L. £
JEARE~ DR & IRKRHEREICED 2 T RTOR
BEHEBELTORV, L2255 T MfE BT S
IR E M T 2 EE RPN TDH 5 A%, HRFELE
OHWIZIZ e MM AR E X O REIBSMIE L HE L
TEHli S 2 XD - 72,

4. By IR I B A N R PR S A

222 nm Far-UVC DR ZEMENFFEIC BT 5 EE
FEE AL, HEERI 254 nm UVC & ok Tdh 5, 254
nm UVC 3BT & LA WO N TE 2228, Al
RN S A, SRABR AR g, SRR G A EE, M
TR EERE LEEEESEZX 25605 5,
—7. 222 nm Far-UVC iZ[f] U UVC #3%iC g 5% b @
Dy F NI ERKGT~OWIA X iR, AR
FENTOFREEE RV, ZD72%.254 nm UVC & Jh]
UME Tl LA Th ., AREEEE»RL %,

F& % 1%, 6 i Sprague-Dawley 7 Vv ¥/ 5 v b %
FIvy, 222 nm B X 08 254 nm 446 & M IS HRE L <
SRR E A LR L7, RS 49E T 30, 150,
600 mJiem? |Zgew &, M LR RIEIE 7 vt LA
v YT X 3 X 172,254 nm UVC T 150 md/cm?
VLB CEIRERMABEAEAAE L. 600 md/lcm2 Tld Ao
SANBBEENT, —F, 74V —4F & 222 nm Far-
UVC Tid. FESEMT TR LRZICHS 22 BEE IR
Loz (5) MERFWFHGITD . 254 nm FRgC
AR F B EAME SN0 L, 222 nm BEgFC
AN LRS- T WA Z AR s N (B),

ek, UVC IRV ) & RIERICHR - B2~ &
HrfFobnl LTHEbNTEL, LaL, FroHk
13,222 nm Far-UVC %5 254 nm UVC & 1352 7% 5 £ it
Bk 2R3 2 & 2P L. Far-UVC ofF ABRBIIE
HERHTAODAY— o,

FOH%, FAIZEBREEUVOLVLLOBEEIZLS
T v AR & A L. Far-UVC 2363k E UVC
LB LTHE LRV ARBEREERE LRSI & 285 L
72 (6), ZOW%EIX. 222 nm & 254 nm O FLiK73 T
7 UVC SN O R E L 0 IR SMET L7z
THETH D, UVCIZ X BEMREEIL, MBI ¥
VoS BWAL, KR TAL HRRE DN T VA
TOHBEIND 72D BEPBET nm B2 57205 TL
JBL bRz ~ D3 R Bk AL L 9 %, Far-UVC %
[HERRI UVC LY HEEDE] L LT—HLTH/I D
TIE %<, KR L OMMBRGEEN: & B P E X
PILCHMIS % 2 EREETH S,

— T B EBROMEE v b AEH T A B3R
Er BRI HUEND D AT, FREIE, FERE. b
H. RIS X 2 5k, IRE M O BIREIE, R OBE#H%
MR EE ISR T 5, Lzt T, eao—jil
OWFZEIE, Far-UVC OB EME %2 H 2 B IE T 5
A e MREMICBIT 2 REME /RO T 5720, A
B AT, b M KRB, ERBEToORNIBIZE LM
HEDETHRT 5LENH - 72,

5. Fi sl L B ISR~ D5

fH R E51E. 222 nm Far-UVC DR Z &k % 2F i3 %
) A THRICEE LRI TH 5o MABEEERIZ 1T A 5
OFA % RN B X OB = > F2FEE L,
COFEMAREIND &, ML O EERE
bbb, AR EEIZHEMNIZY =2 F —N—%#D
BLTBY. oA AREBEMEICKE L Tw
bo FTD72DH. AFEHYLEEIZE S A 7% R RIEAFED
LNRVEAETY, Wil KM~ BN F 7213 R
B 2T 2 2 3R RTH S,

Kaidzu 513, T v MG X V7 ¥ /45 %
FvC. Far-UVC 25 i b B FE I ~2E 5 %
PEME L. SO TR, BIRES®RICEL S
DNA #8554 » T CPD % i\, 207, 222, 235,
254, 311 nm DWW R B T LB BEN & ik L
72 (Do v MAEEERETIZ, 254 nm UVC 3 X 08311
nm UVB f§1% 12 CPD 28 L JEIKH & TRED H N7z
12xf L 207 nm 3 & OF 222 nm Far-UVC i CPD Bl
Ml F I L RFERICEE Lz 7 5 AR %
WS T4, 222 nm Far-UVC |2 k& % CPD ekt I~
Be i ICBRR L SRECHIBL g ~ o FE 13780 5
dwZ kprahs: (7).

T Z T 3 O WAV LB LR D 2R WAL AT AE L
TV 5728, Al bR I s 92 28 720 L AU R sl 1
fEd v e PR END ZOMHEIX, 222 nm Far-
UVC D& B s Je i 720 ¢ 2 < AR IS
BMTIFED )BT LAERLA, FRIS, ML 1R
LM L Dy — v — N — % 2 AR
THhH720, 2O DNABED LN Wi v i
HiZ. Far-UVC o R &M% HHd 5 mE 2RI
Loz,

72720, COWRRKRICORARH S, 9.7V b
BIURB Ty 2 FHWMtich . v MRER
BB, REEEE, IRSER. IREZHERE, 3>
Y7 VLY RAER R OGRS EITIIB LT
W, F 7z, CPD I ITERAMRREEN: %2 50l 2 5 H %
RECTH DD, S5 BILA b LA, AR, R
SEPE, FEBISE 2 EORRBERN R Z EHFT 5D 0
T3, T/, AREIE~OLEITHRE, BITARE,
WESTHEEE, B ANRZ PV, 74 Vv —PERBIC L b B
Tho TDH, MKRFEEEZED LD, & M AR
BEiro) ol

6. EMT ARBRIC I B %

By FER B L O HLRE % w2 F 981, 222 nm
Far-UVC 235 1z 35 X O sl 58 o 28 BB~ 252 LI
CWZ ERRLTEL, LOLBREREZEZSLI 2
Tld, & MEERMIZBW TR Y 370 H
FEETMT 2L EN DL, v METIE, EiRE. b
H. MR X %8k, IREE OEIREE, E8I0 2E
Ry BNZEB) 2 EAMEHEHROTT RIEEL S 5. 7.
ERROG ANRE T, BEHIZLT LD —EEY Tldk
Vv AR F 72 RN RS REMED D 5o

P id EERAZ NS E LT 222 nm Far-UVC 5 ~
TWEHZ X B v MREEMERE L2, 2 oifge T,
222 nm Far-UVC % 22, 50, 75 mJ/cm2 O f CTHRIZ
B L. B EOIET B X OHEREIRD S S vz
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(9)o 75 milcm? F TOMSGMCld. BIRICH S 5
e, A RS, MR, IREZfbR L
DEBLAETRITBD N o7 E N Tw
% (9o —HT, —HMOWERE TITFIRE. HIR. &
Mg EO—BUREIRDA Uz 2 &5 5, 222 nm Far-
UVC OIgH##ZEM Tk, FEINWFTRZZT Th  EHUE
KD EOTBBEPUETH S,

COWFZEiE, 222 nm Far-UVC © R & % © b
THEEMGE U 72 MOASSE B CHE S, L3k @ American
Conference of Governmental Industrial Hygienists
(ACGIH) DOFAEBMEICI W 22-23 mI/cm2 [2hn .
N% 1A 50 B X 0875 miem? O 54T 0 B % 47
%5720 ACGIH @ TLV T, 2022 4E LI, 222 nm (2
*3 5 8 REHIHRIEZZ RS & L TRy 160 mi/cm?2 H3fg/R &
NTHY, (EREE L) HuBREEROEmRIEATY
% (12, 13),

72720, ORI O»0HFNH B, F—
12 T RIFERMITRERATH ). NI4T 4. M
R REE, MR, A TRREA S, 2y 2 b
Ly X% IR, /N, S, Bt o &
B EORBZHENCEOFT THEATE 2 LIRS
e AT, RABITE I S NS T CHEME S
NTBY., EREIIBUTL2BEME, EHLE. RN
. IR OzNE, RIFHEEH OBy — ¥ 2584
WA TE v, BEBELPH L ThiuE, BE S
AITED L L F o EDSE X B R D
%o BT, BB OBNMIRAT ASIER TH - Th,
PEBERR I & B2, R e e, MIRAE, 5
BEIE 7 EHRFBRM A~ O EL, NERE L TH 5,
L72h35 T, 4o M AiBRIZ, 222 nm Far-UVC
oMM ozeEts LCIZEERRILTH 555, FIK
FEHEOHMIIE, ERETORNMBIZEMEE L MAGD
BRI AL ETH - 726

7. FEREIIBTS 1 EB KT 36 2 Bl15

v b AERRERIZ, B S /25T T 222 nm Far-
UVC Z IRICIRES L 72 BR o R et % 559 % 9 2
THETH S, —J.H AR T 222 nm Far-UVC % 52
I DAL, BEIRE T2 <, RRRE o B
T, BNE. W oRSEEb, IREHOEE. H
MNZE), MRETHEE OB G5 SIS %,
FD, EBOSENERE T 222 nm Far-UVC % &
L. #97E ol B2 EUNaN 5 B,
REBICENVWIEF VAL LTHETH S,

&%, 222 nm Far-UVC 5 > 7% i%iE L 72 lIREH 59
BB 5 EHREHE 50, LER IR &6
BEERLIZ. ZOMETIE. EEOBHERET 222 nm
Far-UVC %3 L. ¥ & OIREHT I 2 8k L. NI
B BWMAMATE LR HEZE L7 (8)s TOHMTIAR
WoeI3 8 e IR MR TIE R . [HARECIRE
EWERL LV SMAEHEREGONE )] L
) ATEALRY S & 24t % IR 50l L 72 fF9E T 5o
BIEIRI T, 222 nm Far-UVC JRETE T L -5t 4 3%
ZBWT, BRICHEE 2 2 IRFEE 3805 S 9, IR
B H=E L v ) ERBETORMME IS 2 iR
AR E N7 (8)s

ZO%, Fea ZBIEHINZ 36 2R L. 222 nm
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Far-UVC IC & 2 &= W RS BREE % 5 5 IRFHE &
AT, IRV & ICFHM Lze 2o 36 20 HEf
PEERESFZE 12, 222 nm Far-UVC o4 A3 1Bl 3
HEMIRZEETFT— 2 L LTEETH S (10), A5
X, 222 nm UV-C 5 » 7% i 2 7ZIRRH S 2= o < 1K
fli% 36 A HBR L7205 S BSZECTh O . HngEEE
ARBTIRZ IS VWREBRBRROZEL I L7 (10),

INHDOWFETIE. KT 4 74RO S AOHE,
FINBE OMEAT, A IRIRE 2 & OW 5 A 2 IR E 13500
b erolz,

7272, ZOWBEICHBRAND ). B, BRI
e OB SHEE T A EEMEHE (L LTI
BEE) ThHH, —REHTIE RV, B, ERET
OBEFERIE, MR, SNTOME. Romi, [}
WolERE, DL, HEOBREICX VAAENAEL S b,
I, BISFIE T ILBSH IR R B RALICIR A A3 ) |
M 7 FBUEIR P IR RE D2 b2 Mt 5 5 KIS
BRI D B HEUIZ, FHINZEREDOANRS PV
ek, 7 4 vy —PEiE, MEFEIMEICSINTBY,
FAHE TR L2 HEICHEATE WA, £
% bR RE LM CRUEREIEO NS LIERS &
WEW) ERBTF LN D,

PlEXD, x40 14EB X362 H B2,
222 nm Far-UVC O NBREEMEH 2 S0k 2 ¥ L B
IRT—=%THAHH, —HT, TNHOHAIZ [222 nm
Far-UVC I3 T RCTORNTHETH L] L v ) i
EhoTwuiv, LA, BYIZT7 4Ly =37t
i, BHEINEEE, AL RER, BEshi:
B L VI FETTRONZZETFT VAL LTH
T HUERH 5,

8. IR L L e

222 nm Far-UVC DL 928003, Bgend s & L
TOAMEZT TR, HFARBEICBI A IBBEEH L
TA SR TR ARAF S Ao HERAL 254 nm UVC 1%, 22
Ao K- REOWEHI)IE S SN TE2D ML
REBREEDY A7 Hd B 720, JFHIE LT ABREE,
Wz, R B 2 TSN TE s —J7,
222 nm Far-UVC 34 sk Tl N S L 5 728, 8
Yoz 4 vy =3z, BREEZEETH
. A ANRECoOMB N 2 AR RIS T E 50
REMEDSD %o

222 nm Far-UVC % 42 35 8E % 5 U 5 B2 1% ACGIH
& ICNIRP OEFZRFUE D&\ % BF T 2 LB D 5,
ICNIRP 12355 < 222 nm @ 8 KBRS & L T,
23 milem? 3% { W TEB|EINTE /2 (2,14),
DOfEIE. Far-UVC e WIIB R IC BT, Zaflic
Moo 7okl UCIR S flib i, BRSO MEW AR
LFEERCTHBBERFIOELHEL L TR SN TV S,
—7J5+ ACGIH & 2022 4FDLF&, UVC HHIROIRE TR R T
fiiz RiE L, 222nm 23 L CRER & ) iR &
ERRLTWAS, Duncan 512Xk % &, ACGIH @i L
W TLV TlE. 222 nm 12381 % 8 By 8 BRAUE IR T
160 mi/cm2, FzJE TH 479 milcm? & EhTwa (13),
Z U, 222 nm Far-UVC 23l 3 & B2 8 O G ~F)
FHELIZKWEW)EFOHRE B L-EETH b,
72721, ACGIH @ TLV X Tz a4 FoB g
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THY, TXRTCO-MWER. BEZHT SHEH. /N,
BEICZFOEFHEATES LITES 2w,

L727%5 T, 222 nm Far-UVC % & %3 U 512
3, TREEHUTTHB] L) BT TIIVTZI
R THY, 8EHTFHREE O HIFHIEE RO
L E IR G - EIE R O 2 LT S
PN 5, F72. ACGIH & ICNIRP TlifraeEa
WZEDD B 720, ERMink, B, BT A v
WX o THRMBEHENRRLR D ) 5, TR XM T
222 nm Far-UVC &[4 fim ] R [ FEERe R )7 ]
IR T 2O ERERTEEETTH 5o

BBERFE L F L EEROD, BEZDOL 00
MChb, KICl ZF 3 ~<F v 713222 nm T2 2%
¥ —27 2 Fons, RERMOBRKWIEE HHR D %,
222 nmGE O B DAL THIL S 315,230
nm %/ z 20 & ) REROERNMEINRAT S &,
HIRRE M E % DNA BBV EALT 2 W ieErd 5, L
72ho T AABRBETOMMATIE. 222 nm % #RIY 12
EWL, RELRRERRG % ER 57 4 V5 =2 %
EMEOHRE 5, BHFHMCIE, HIZ[222 nm] L%
FLENTWBEZ LT TR HHART MV, 74
7 —WhE, 74 vy =%k, WES, HEgE OKIE.
BN ZFO I EDRARTTKTH b, FHALT
3 TOMNNETREDH Y. BRENEIEDTL
FombEMEIN TV,

9. ‘BATEFHIBIC 30T 2 A s

INFETOWNRIZL Y BT 4 vy — 37z 222
nm Far-UVC (&, R RRIZ U CHU IR W BEEE 2 7R
FTIENHESNT VD, FxOWFZEIX. T v MARK,
G, b MM ARRER, 14EB X U736 5 H o E B
Bl 2@ U T, WL eMIclT 27—V 2 /ML T
Too SHREFICHMETTRENGIE, FIATAEE A
B R A9 5, AREBHE E 72 ISR
FigoLH, MEETEErIEE2 G 285, o
7 MLy AERE MR BRETHDL, oD
BT, BB, A EE N 7 BRE. AR,
IRFEMIE, BIHREAMEF N & B 2 REMED D 5.

FIARGERE D EELREETH L, FHAREET 222
nm Far-UVC # 3 A2 846, BE&IE—REY Tlds
v HER - KEMICAET B, Lad > T, HEBEHE
BOAMAREEN RO SNHE W L2 TR, BY
REMZ THCHHTE TV v, B ERE T,
L LR 7 — v —oN—, et KR SIE, 4
e, RRT~ A 7 084 & — A, 1B 22 ALK,
Bfi DNA GO B2 5§ 2 LBV H 5, Fx D
36 2 ABISHIRIEEERBIRT— 7 TH P, 5% D
WathwZETH 5 (10),

F 7o, IR MAEMRER RO NG v 2§ g3k
L ORETH 5o B E LT IURIR - B 0%k
B AA% 2R 2K EoMEY o)
AT, BYREE LTI T S5, —
Hy M ATEALR) R % ) B 7201 ) X0 TR
RWRg L, IR OBRERTICES SRS D
bo TONT Y ARFHIIT H1213 NOBEE R & e
OFEMBEE PN L2 IUET LULELD L. ADIRDIZ
AR RHEE, R EOME, B AE, KA.

SCSHE. FUHHE OREC X VBT 5. —H., MEW
M BRI, BRI, 7 O VOVRIE. R,
KM E. . AW, N+ 740 V22X )BT
60

FEEHOIEMREL DL AT R TH D, KIClZF <5
Y7222 nm A E ERREE T A GHANRY PL,
T4y —=MEE 5 v 7Hb. BERT. REERLZ
B & & I L 9 %0 HRIS 74 VT —=HHIEL T
AN RIRER AT UL, A REE 5 =
Ll b, L7223 T gl Zmtila., BEEHE,
TANE =, T v TSRk SR, R
BBV TH 5o

B2, 222 nm Far-UVC 13 J& e sz E X e 2 5 B
MEAMTIE % < A0 R #ise 3 2 Bl & L Thr
BEOFARETH L, A, TIREE, BREER. <2
7.7 F v, BEETHIRIE. TNENR L DA
WAEH$ %, Far-UVC 13, Zekih s L O Lo
TEY A 2 SR IR L D 205, IR0 E 25
o BWiEROWNES. XA T 7 4 IV ADHh, RN
BB 3R EA Ve L7255 T, Far-UVC i ALC X
D BRI AT BEICEBTE LD TIE RV, &L
A, 222 nm Far-UVC ORI sl AAS\ % 22 [ Tt ny
WCREBRATE L 8ICH 0. ZOFMEEE» I,
RERBEEERE ., AP EBIENGEE SN DB
BERETSMAL L TWALENDH S,

10. Fam

222 nm Far-UVC i, fit k2% 254 nm UVC & AR
EWARTALTEZ A Lad S, AEER Tl MmN h
BV R ERD, ZOKEAMICL ) EWIZT 1
U E — &7z 222 nm Far-UVC (X, £ 5 PN g =0 £ s i
WAL 22 E O MBEGRAANFLE LIS L A AR
TR LD 2 BEEHEAEME LTERSNTWwAS, 2
N F TOMFZEIZ. 222 nm Far-UVC 258 7 YT 4T
TIFIRFEmICH L TRBRETH 20 itttz L Tw
%o

—7J5, 222 nm Far-UVC oZ24 1%, 1222 nm] & w»
IWELTZFTHRIALEN S DT B\ LAV
Wi, EWRE. AXRY VIR AERRERESOR
e, 7 4V s —PERE. TGS E. TROSHAE, BRERRER. R
TREEEE, BN, W5 EORKEIREE % 5D 72 HE)
WL TH Do FRICIREEMEICDOWTIE, MR 1R
EOFEEZT TR AR, FRE. . IR,
FEER, EBEZOBELLZ M3 5 LEN D
bo PREE LCIHERRANZ NG & L2 et
ARENTZELTH, RERMEEZ AT 2 BHLEIK
ZHEMICB 2 RENZHET L2 LI TE RV,
Stk RN & MAEWARTEALRI R & [R5 72
TRERELMEZVEICT LI ENEETDH 5, 222 nm
Far-UVC (&, #UZGHEH L IBERFob & T A
HAEAET B 22T B 5 Yl 2 5k L 9 2 Hifli <
Hbo Lo, FOEEIIL, RENZBEIC—ILE
I e, BRI AN MEWOLEMEWIRLAZS 2T,
PR A O MR G 3 2 BB UETH 5o

EoE
ABHOMEBI D720 . WIFEOBITE X O 4tk
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FEAICEI L CTIREZ G D F L2 BRKFEETRIRE
SR S E IEAR R 2 & ORI BO% O REWIRLSEA:
WS- L E 3, F 72, 222 nm Far-UVC JEi B L Ot
BALI AN IC B3 4 TR Mt - IFSE A2 W2 wvniy
DA BB A OBBRSAIEHBF L BT E T,

A2 AH

EH BE— E SRR S AR S
SRS, Yarv vy vy N Vs vy
MeX&tt, 73054 2 77 —<kA&H, y9va
A VARG, HRT7 V3 Y okat X 0 i
HAMEZ ZH L T b,
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