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ABSTRACT: Elucidation of biological phenomena requires imaging of microenvironments in vivo. Although the seamless
visualization of in vivo hypoxia from the level of whole-body to single-cell has a great potential to discover unknown phenomena in
biological and medical fields, no methodology for achieving it has been established thus far. Here, we for the first time report the
whole-body and whole-organ imaging of hypoxia, an important microenvironment, at single-cell resolution using activatable covalent
fluorescent probes compatible with tissue clearing. We initially focused on overcoming the incompatibility of fluorescent dyes and
refractive index matching solutions (RIMSs), which has greatly hindered the development of fluorescent molecular probes in the field
of tissue clearing. The fluorescent dyes compatible with RIMS were then incorporated into the development of activatable covalent
fluorescent probes for hypoxia. We combined the probes with tissue clearing, achieving comprehensive single-cell-resolution imaging
of hypoxia in a whole mouse body and whole organs.

It is known that not only the existence of specific biomolecules, but also their surrounding microenvironments, e.g. hypoxia, acidity,
reactive oxygen species, and metal ions, play important roles in various physiological and pathological processes'. Artificial
microenvironments are easily created in vitro, but have disparate influences on the cells than in vivo microenvironments®®. Therefore,
imaging and analyzing in vivo microenvironments is required to elucidate unknown biological phenomena.

Small molecule-based activatable fluorescent probes are a class of potent tools for observing transient targets such as in vivo
microenvironments due to their high sensitivity and target adjustability by chemical modifications’'2. Various activatable fluorescent



probes for imaging in vivo microenvironments at single-cell resolution have been developed'>'®. However, because of the poor
penetration depth of light, fluorescent probes have a big hurdle to comprehensively visualize in vivo targets in the whole body or
whole organ at single-cell resolution'”',

Tissue clearing, which renders biological tissues transparent by minimizing the differences in refractive index (RI) between tissue
components, is a rapidly developing technique that enables depth-independent fluorescence imaging'®*. This technique allows 3D
single-cell imaging and analysis of fluorescently labeled biomolecules without sectioning and other laborious processes. The
combination of activatable fluorescent probes and tissue clearing has the potential to realize the seamless imaging of in vivo
microenvironments from the level of whole-body to single-cell, which would enable unprecedented insight into previously under-
characterized or overlooked biological processes.

Nevertheless, the application of activatable fluorescent probes in the field of tissue clearing has two major obstacles. Firstly, there
are incompatibilities between regular fluorescent dyes and refractive index matching solutions (RIMSs) in which fluorescently labeled
tissue is immersed during observation. The brightness of several fluorescent dyes was reported to be decreased in certain RIMSs*~
. Secondly, unfixable fluorescent small molecules will be washed out in the process of tissue clearing because the integrity of cell
membranes is compromised by detergents and organic solvents for rendering tissue transparent®®?°, Thus, activatable “covalent”
fluorescent probes, which are fixed at the reaction site, are desirable to be used in tissue clearing. Although a detergent-free, pH-
adjustable tissue clearing method was reported for preserving cell membranes and for keeping unfixable ionic probes in the cell, it
greatly limits the variety of activatable fluorescent probes and is inherently unable to achieve a high level of tissue transparency™.

On the other hand, great efforts have been devoted to developing covalent fluorescent probes targeting various microenvironments
such as hypoxia’"*?, reactive oxygen species (ROS)*, and metal ions*. However, these probes cannot be readily used in conjunction
with tissue clearing due to issues arising from their incompatibility with RIMSs. Thus, it is crucial to develop an activatable covalent
fluorescent probe for a microenvironment that shows optimal photophysical properties in RIMSs, and to demonstrate its application
in tissue clearing imaging.

In this research, we demonstrate a methodology for seamlessly imaging in vivo microenvironments from the level of whole-body
to single-cell. We focus on imaging one of the most important microenvironments, hypoxia. Specifically, hypoxia in a mouse is
covalently labeled with an activatable fluorescent probe while the organism is alive, followed by tissue clearing of the whole body
and comprehensive 3D imaging of hypoxia at single-cell resolution (Figure 1a). In order to achieve this, we first investigate the
compatibility of major fluorescent dyes and RIMSs, and deduce solutions to overcome the incompatibility by focusing on the chemical
mechanisms for their fluorogenicity (Figure 1b-left). Then, using these fluorescent dyes, we develop activatable covalent fluorescent
probes targeting in vivo hypoxia (Figure 1b-right). Finally, we demonstrate 3D imaging of hypoxia in the cleared whole body and
whole organ.

Single-cell

HHH
maannt

inmmmana:
inmmma s

Activatable covalent

3D reconstruction

fluorescent probe Tissue clearing Image acquisition
b
Preservation of fluorogenicity in Rl matching solution (RIMS) Memorization of microenvironment in vivo
RIMS Covalent binding  Fluorescent Microenvironment
moiet dye of interest
modification Y v
o
HOC O o
o LI
Me Me™ Me Me
OFF
In general RIMS Structure

modification

Fig. 1 Overview of this study. a Schematic workflow for 3D imaging of microenvironments using activatable
fluorescent covalent probes compatible with tissue clearing. b Two requisites for activatable covalent fluorescent
probe for microenvironment imaging with tissue clearing.



RESULTS

Investigation of the compatibility of representative fluorescent dyes with RIMSs. We began by examining fluorescent dyes that
are usable with tissue clearing. Xanthene dyes and cyanine dyes, especially the Alexa Fluor series, have been frequently used in most
tissue clearing methods. Recently, however, several fluorescent dyes including Alexa Fluor dyes have been reported to change their
emission wavelengths and brightness in RIMSs*. In this research, we focused on fluorescein isothiocyanate (FITC),
tetramethylrhodamine (TAMRA), and Si-Rhodamine as representative xanthene-type dyes, and cyanine 3 and 5 (Cy3 and Cy5) as
representative cyanine dyes to be investigated (Figure 2a, upper line). We then measured the photophysical properties of those
fluorescent dyes in representative organic solvent- and aqueous-based RIMSs, BABB (mixture of benzyl alcohol and benzyl benzoate
at 1:2 (v/v) )** and CUBIC-R (45% (w/w) antipyrine, 30% (w/w) nicotinamide)*® (Figures 2b and 2c). The results are shown in Figure
2d. The fluorescence brightness of TAMRA, Cy3, and Cy5 in both RIMSs was higher than that in PBS. On the other hand, the
fluorescence of FITC and Si-Rhodamine was too weak to be determined in BABB, and their brightness in CUBIC-R was attenuated
by less than 3% of that in PBS.

Further investigation and optimization for the compatibility of fluorescent dyes with RIMSs. These changes in the
photophysical properties of dyes in RIMSs are plausible because RIMSs provide different environments to fluorescent dyes than in
water. However, no research has focused on their quenching mechanisms and how to preserve their fluorogenicity. We then
considered quenching mechanisms of FITC and Si-Rhodamine in RIMSs and deduced methods to preserve their fluorescence. We
first gave attention to the considerable attenuation of molar extinction coefficients and the different absorption spectra of FITC and
Si-Rhodamine in BABB and CUBIC-R, as evidence that structural changes in these dyes were induced in RIMSs (Figure 2d,
Supplementary Figures 1-3). It is known that xanthene dyes containing an intramolecular spiro ring show fluorogenicity upon ring
opening, based on the © conjugation of the xanthene structure, but never show fluorogenicity with the spiro ring in the closed form.
In addition, FITC tends to exist in the fluorescent open form under basic conditions®’, while Rhodamine tends to exist in the
fluorescent open form under acidic conditions®® (Figures 2f and 2g). From these understandings, FITC and Si-Rhodamine were
assumed to show improved fluorogenicity in RIMS with adjusted acidity. Therefore, we developed acidified BABB (BABB with 10
mM trifluoroacetic acid), basified BABB (BABB with | mM 1,1,3,3-tetramethylguanidine), and acidified CUBIC-R (CUBIC-R with
2% (w/w) HCI) through investigations of optimized conditions (Figure 2b and 2c, see Supplementary Figures 7-9 for the optimization
of conditions). Rather than developing an original basified CUBIC-R solution, we used CUBIC-R+ (CUBIC-R with 0.5% (v/v) N-
butyldiethanolamine (NBDEA) ) which was reported by K. Matsumoto et al.¥*. FITC showed higher brightness both in basified
BABB and CUBIC-R+ than in PBS (Figures 2d and 2f), while Si-Rhodamine showed similar brightness both in acidified BABB and
in acidified CUBIC-R as in PBS (Figures 2d and 2g).

Apart from the RIMS modification, xanthene-type dyes that cannot form a spiro ring in their structure were assumed to show stable
photophysical properties independent of components of RIMSs. On this account, we gave attention to TokyoGreen*#!, Me-Si-
Rhodol*?, Me-Si-Rhodamine®**°, PO-Rhodamine*® as representative non-spiro xanthene-type dyes (Figure 2a, lower line) and
measured their photophysical properties in RIMSs (Figure 2¢). All non-spiro xanthene-type dyes except TokyoGreen showed higher
brightness in regular RIMSs than in PBS. The brightness of TokyoGreen in regular RIMSs was surprisingly much lower than in PBS.
Based on the different shapes of absorption spectra of TokyoGreen in RIMSs from that in PBS (Supplementary Figures 1-3), we
expected this was due to the protonation of the hydroxy group of the xanthene chromophore. We then measured the photophysical
properties of TokyoGreen in basified RIMSs and observed an increase in brightness (Figure 2e). As described above, we suggested
two methods to address the incompatibility of xanthene-type fluorescent dyes with RIMS, acidity modification of RIMS, and the use
of non-spiro xanthene-type dyes.

Furthermore, we attempted to expand the variety of fluorescent dyes compatible with tissue clearing and gave attention to boron-
dipyrromethene (BODIPY) because no dipyrromethene dyes have been applied in tissue clearing. BODIPY is known for its
photophysical stability in various organic solvents and was accordingly expected to show high brightness in RIMSs that induce
different environments than in water*’. We measured its photophysical properties and found BODIPY showed higher brightness in
BABB than in PBS, although its brightness in CUBIC-R was attenuated to about 17% of that in PBS (Figure 2¢). This indicates the
compatibility of BODIPY with organic solvent-based tissue clearing.

From the investigations described above, we identified ten fluorescent dyes with various absorbance (450-750 nm) and
fluorescence (500-800 nm) wavelengths usable for tissue clearing imaging (Figures 2h, 2i, and Supplementary Figure 10). This
knowledge will be essential for developing activatable fluorescent probes for application with tissue clearing.

Design of activatable covalent fluorescent probes for detecting hypoxia. Next, we aimed to develop activatable fluorescent probes
for an in vivo microenvironment using ten fluorescent dyes compatible with RIMSs. In this research, hypoxia, which is one of the
most important microenvironments, was selected as an imaging target. Hypoxia refers to a biological condition with relatively low
oxygen concentration caused by the imbalance of oxygen supply and consumption, and is recognized to be an index of not only tissue
activity but also physiological disorders**=2,

We applied pimonidazole, a widely used component of established hypoxia probes (Figure 3a left). 2-Nitroimidazole compounds
such as pimonidazole are reduced to 2-aminoimidazole compounds by intracellular reductases selectively under hypoxic conditions,
forming a covalent bond with an intracellular nucleophile such as a protein or nucleic acid> (Figure 3b). This ability to form a covalent
bond with an intracellular biomolecule is expected to allow probes to be retained during the harsh tissue clearing process?®*. We
designed and synthesized 10 Pimo-Dyes that are chemical conjugates between pimonidazole and each fluorescent dye compatible



with RIMSs (Figure 3a right). Each Pimo-Dye was synthesized by the coupling reaction between the terminal amino group of Pimo-
NH, and the isothiocyanate group or the carboxyl group of each fluorescent dye shown in Figure 2a. The synthesized compounds
were identified by NMR and MS analyses (see Materials and Methods for the Synthetic procedures in detail). These Pimo-Dyes are
expected to be fixed in hypoxic cells while the organism is alive, and after tissue clearing, provide the spatial information of in vivo
hypoxia.

Evaluation of the ability of activatable fluorescent probes for hypoxia detection in cells. To evaluate the efficacy of the
synthesized Pimo-dyes in detecting hypoxia, we first checked whether each Pimo-Dye selectively stained cultured cells under hypoxic
conditions (see Materials and Methods for the procedure of Hypoxic cell imaging in detail). By fluorescence imaging of C26 cells
incubated with each Pimo-Dye under hypoxic (1% O,) or normoxic (ca. 20% O,) conditions, we showed that Pimo-Si-Rhodamine,
Pimo-Me-Si-Rhodol, and Pimo-BODIPY stained hypoxic cells selectively (Figure 3c). It was also confirmed that all dyes with no
pimonidazole conjugation did not stain either hypoxic and normoxic cells (Supplementary Figure 11). According to quantitative
analysis with flow cytometry, median fluorescence intensities of hypoxic cells derived from Pimo-Si-Rhodamine, Pimo-Me-Si-
Rhodol, and Pimo-BODIPY were respectively 58, 12, and 14 times higher than that of normoxic cells (Figures 3d—f). These results
indicate that these three Pimo-Dyes have the ability of hypoxia-dependent cell labeling.

We then investigated why the other seven Pimo-Dyes did not stain hypoxic cells by imaging live cells during incubation with each
Pimo-Dye in order to observe their membrane permeability (see Materials and Methods for the procedure of Live cell imaging in
detail). We observed that only Pimo-Si-Rhodamine, Pimo-Me-Si-Rhodol, and Pimo-BODIPY passed through cell membranes and
stained cytoplasms (Figure 3g). In contrast, the fluorescence of the other seven Pimo-Dyes was not detectable in cells, or existed only
as granular particles in cells (Figure 3g, Supplementary Figure 12). Considering this result, the seven Pimo-Dyes that did not stain
hypoxic cells were deduced to either be membrane impermeable or captured in endosomes in which the environment was not
appropriate for the reaction of Pimo-Dye.

Evaluation of the ability of activatable fluorescent probes for hypoxia detection in vivo. We then evaluated the capability of
Pimo-Si-Rhodaimne, Pimo-Me-Si-Rhodol, and Pimo-BODIPY which could stain hypoxic cells, to detect hypoxia in vivo. We focused
on detecting renal hypoxia in mice using these Pimo-Dyes, as healthy rodents are known to have severe hypoxia (10 mmHg or less
pOy) in their renal outer medulla®*>>. The kidney sample of a mouse was collected after intravenous injection of the mixture of
pimonidazole and each Pimo-Dye followed by immunohistochemical (IHC) staining of pimonidazole on the kidney slice
(Supplementary Figure 13a, see Materials and Methods for the procedures of Animal experiments and THC staining of pimonidazole
in detail). By fluorescence imaging of these kidney slices, fluorescence signal from each Pimo-Dye was observed in the outer medulla,
in the same region indicated by pimonidazole staining (Supplementary Figures 13b—d). We then attempted to confirm the distribution
of the Pimo-Dye in the kidney to rule out the possibility that the Pimo-Dye reached only the outer medulla. A kidney was extracted
from a mouse injected with Pimo-Me-Si-Rhodol and immediately immersed into O.C.T. compound and frozen. Then, the frozen
kidney was sectioned, and the fluorescence of the section was observed without any further treatment. All regions in the kidney
section including the renal cortex, inner medulla, and renal pelvis were stained with Pimo-Me-Si-Rhodol, indicating the Pimo-Dyes
was distributed all over the kidney (Supplementary Figure 14). Furthermore, no fluorescence was observed in the kidneys of mice
injected with each dye with no pimonidazole conjugation (Supplementary Figure 15). Based on these results, the three Pimo-Dyes
were validated to detect in vivo hypoxia at the same quality as pimonidazole for probing severe hypoxia (10 mmHg or less pO,).

3D imaging of hypoxia in the whole organ and whole body using activatable fluorescent probes. Using Pimo-Dyes applicable
to in vivo hypoxia detection, we conducted 3D hypoxia imaging of the whole kidney with tissue clearing (Figure 4a). We first
established a simple tissue clearing protocol involving 18 hours of delipidation with 10% (v/v) 1,2-hexanediol (HxD), 0.02% (v/v)
NBDEA aqueous solution®® followed by RI matching (Figure 4b). For the use of BABB-based RIMSs, dehydration steps were added
after delipidation. All BABB-based RIMSs were able to render kidneys highly transparent regardless of the additives (Supplementary
Figure 16). On the other hand, CUBIC-R-based RIMSs had a lower ability to render kidneys transparent compared with BABB-based
RIMSs (Supplementary Figure 16), suggesting that BABB-based RIMSs are more appropriate for whole-body clearing of mice with
bones and adipose tissues.

Kidneys labeled with each Pimo-Dye (Pimo-Si-Rhodamine, Pimo-Me-Si-Rhodol, and Pimo-BODIPY) were cleared through tissue
clearing with BABB-based RIMSs, then observed with a light-sheet fluorescent microscope (LSFM). We succeeded in visualizing
renal hypoxia three-dimensionally using each Pimo-Dye (Figures 4c, 4d, Supplementary Figure 17a, and Supplementary Movies 1,
2). In addition, similar results were obtained through tissue clearing with CUBIC-R-based RIMSs (Supplementary Figures 17b—d).
In summary, 3D imaging of renal hypoxia was validated using Pimo-Me-Si-Rhodol and Pimo-BODIPY with regular BABB and
CUBIC-R, and using Pimo-Si-Rhodamine with originally developed acidified BABB and acidified CUBIC-R.

Furthermore, we conducted the simultaneous staining of hypoxia and blood vessels in the kidney. It has been reported that major
renal blood vessels and partial glomerular capillaries can be labeled with Evans blue”’*®. We prepared a kidney sample in which
blood vessels were labeled with Evans blue, and in which hypoxic regions were labeled with Pimo-BODIPY. By fluorescence imaging
with LSFM, we succeeded in the simultaneous 3D visualization of renal hypoxia (green in Figure 4e) and blood vessels (red in Figure
4e) (Supplementary Movie 2).

Finally, we demonstrated whole-body 3D imaging of hypoxia. A mouse injected with Pimo-Me-Si-Rhodol was sacrificed with
perfusion fixation, followed by the removal of the skin and bowel contents (Figure 4f). The mouse sample was then cleared by



delipidation with 10% (v/v) HxD and 0.02% (v/v) NBDEA, decalcification with an aqueous solution of 15% (w/v) imidazole and
10% (w/v) ethylenediaminetetraacetic acid (EDTA)%, a second step of delipidation, and RI matching with BABB after gradual
dehydration with MeOH (Figure 4g, see Materials and Methods for the Animal experiment procedure and the Tissue clearing protocol
in detail). The tissue clearing protocol optimized in this research enabled a high level of transparency of the adult mouse whole body
(Figure 4h). We succeeded in visualizing the presence of hypoxia deep inside throughout the cleared mouse whole body with LSFM
(Figures 4i and 41). Strong fluorescence was observed not only in the kidneys but also in the liver. The magnified views showed that
the outer medulla was stained in the kidney (Figure 4k), and the vicinity of the central veins was stained in the liver (Figure 4j).
Additionally, relatively weak fluorescence derived from Pimo-Me-Si-Rhodol was observed in the spleen, the dorsal muscles, and
around the eyes (Figures 4h and 41). Furthermore, no fluorescence was observed from the cleared mouse whole body when injected
with Me-Si-Rhodol, indicating that the signals of Pimo-Me-Si-Rhodol were based on the reactivity of 2-nitroimidazole moiety under
hypoxic conditions (Figure 4m). With these results, seamless hypoxia imaging from the level of whole-body to single-cell was
demonstrated by the combination of an activatable covalent fluorescent probe and tissue clearing.
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Fig. 2 Photophysical properties of fluorescent dyes in RIMS. a Fluorescent dyes evaluated in this study. Their
maximum absorption wavelengths in PBS are shown in the color bars. b,c Components of organic solvent-based
RIMS (b) and aqueous-based RIMS (¢) used in this study. d,e Photophysical properties of fluorescent dyes (1 uM) in
PBS and each RIMS at 25 °C. n.d.: not determined. f,g Plausible mechanism of fluorescence on/off switching for
FITC (f) and Si-Rhodamine (g) in RIMS. Photographs are the solution of 1 uM FITC in BABB (left of f) or in basified
BABB (right of f), and the solution of 10 uM Si-Rhodamine in BABB (left of g) or in acidified BABB (right of g)
under irradiation of UV light at 365 nm. h,i Normalized absorption (h) and fluorescence (i) spectra of fluorescent
dyes (1-6 uM) in BABB (or basified BABB for FITC and TokyoGreen and acidified BABB for Si-Rhodamine) at
25 °C. The excitation wavelength used for each dye is indicated under Aqps in the charts (d,e).
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Fig. 3 The ability of designed activatable fluorescent probes for hypoxia detection. a Chemical structures of
pimonidazole and the designed fluorescent probe for hypoxia, Pimo-Dye. b Proposed mechanism for the binding of
nitroimidazole compounds to cellular nucleophiles under hypoxic conditions. ¢ CLSM images of C26 cells incubated
with 10 uM of each Pimo-Dye or pimonidazole under hypoxic (1% O2) or normoxic (ca. 20% O) conditions for 2 h
at 37 °C. Nuclei of cells were stained with Hoechst 33342. Scale bar: 50 um. d,e,f Quantitative analysis of hypoxia-
dependent fluorescence staining of C26 cells, incubated with 10 uM of Pimo-Si-Rhodamine (d), Pimo-Me-Si-
Rhodamine (e), and Pimo-BODIPY (f) under the same condition as ¢, measured with flow cytometry. g CLSM images
of live C26 cells incubated with 10 uM of each Pimo-Dye for 60 minutes under normoxic conditions at 37 °C. Scale
bar: 50 pum. FL: fluorescence, BF: bright field.
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Fig. 4 Whole-organ and whole-body imaging of hypoxia. a Workflow for the whole-organ 3D imaging with tissue
clearing. b Tissue clearing protocol for mouse organs used in this study. ¢ 3D and 2D visualization of renal hypoxia
labeled with Pimo-Me-Si-Rhodol (red) and autofluorescence (AF) by 488 nm excitation (cyan). Pixel resolution: 4.1
pm, scale bar: 1 mm. d 3D visualization of renal hypoxia labeled with Pimo-BODIPY (green). Pixel resolution: 4.1
pm, scale bar: 1 mm. e 3D and 2D visualization of renal hypoxia labeled with Pimo-BODIPY (green) and blood
vessels labeled with Evans blue (red). Pixel resolution: 4.1 um, scale bar: 1 mm. f Workflow for the whole-body 3D
imaging with tissue clearing. g Tissue clearing protocol for the mouse whole body used in this study. h Pictures of
the whole body before and after tissue clearing. Scale bar: 10 mm. i Whole-body imaging of hypoxia labeled with
Pimo-Me-Si-Rhodol (red) and autofluorescence (AF) by 488 nm excitation (cyan). Pixel resolution: 12.9 um, scale
bar: 10 mm. j,k 3D and 2D visualization of liver ROI (j) and kidney ROI (k), shown in i, observed with a high power
objective lens. Pixel resolution: 4.1 um, scale bar: 1 mm. 1 2D slices of the coronal view (upper left), sagittal view
(upper right), transverse view (lower left) and the whole image of the upper body (lower right). Pixel resolution: 12.9
pm, scale bar: 5 mm. m Whole-body imaging of the mouse injected with Me-Si-Rhodol as a negative control. Pixel
resolution: 12.9 pm, scale bar: 10 mm.



DISCUSSION

We demonstrated the seamless imaging of hypoxia from the level of whole-body to single-cell using activatable covalent
fluorescent probes, enabled by solving the incompatibility between fluorescent dyes and RIMS for tissue clearing. To the best of our
knowledge, this is the first example of single-cell-level whole-body imaging of hypoxia with tissue clearing.

The investigation of the photophysical properties of representative fluorescent dyes used for bioimaging demonstrated that the
fluorescence of FITC and Si-Rhodamine was dramatically decreased in RIMSs (BABB and CUBIC-R) (Figure 2d). We then
developed appropriate RIMSs for FITC and Si-Rhodamine by modifying the acidity of RIMSs (acidified BABB, basified BABB,
acidified CUBIC-R). In addition, we focused on modifying the structure of xanthene-type dyes to overcome their incompatibilities
with regular RIMSs and demonstrated the usability of non-spiro xanthene-type dyes (Figures 2a and 2e¢). Understanding these
photophysical properties of fluorescent dyes in RIMS will contribute to improving the imaging quality and facilitating more accurate
and reliable measurements of a target of interest. Eventually, we determined that ten fluorescent dyes with various absorption (450—
750 nm) and fluorescence (500-800 nm) wavelengths are usable for tissue clearing imaging (Figures 2h, 2i, and Supplementary
Figure 10). This information will be the foundation for the development of new fluorescent probes for application with tissue clearing.

Three covalent hypoxia probes developed using tissue clearing-compatible fluorescent dyes (Pimo-Si-Rhodamine, Pimo-Me-Si-
Rhodol, and Pimo-BODIPY) labeled cells only when cultured under hypoxic conditions (Figures 3c—f), as well as hypoxic tissue in
vivo (Supplementary Figure 13). Incidentally, these Pimo-Dyes could also be attractive alternatives to pimonidazole IHC for in vivo
hypoxia detection irrespective of whether tissue clearing is used or not, due to their higher signal-to-background ratio, attributed to
them circumventing the need for antibody staining (Supplementary Figures 13b—d). The reason why the other Pimo-Dyes did not
work was presumably because of their low cell membrane permeability (Figure 3g, Supplementary Figure 12). The results regarding
cell membrane permeability of all Pimo-Dyes could provide beneficial information for designing fluorescent molecular probes for
detecting additional targets in vivo.

The combination of Pimo-Dyes and tissue clearing realized the seamless imaging of hypoxia from the level of whole-body to
single-cell (Figure 4). Pimo-Me-Si-Rhodol and Pimo-BODIPY enabled 3D hypoxia imaging with regular BABB (Figures 4c, 4d, and
Supplementary Movies 1, 2) and CUBIC-R (Supplementary Figures 17c and 17d). Since Si-Rhodamine was not capable of fluorescing
in regular RIMSs, we developed novel RIMSs consisting of acidified BABB and acidified CUBIC-R, and eventually achieved 3D
hypoxia imaging using Pimo-Si-Rhodamine (Supplementary Figures 17a and 17b). In addition, we observed the 3D landscape of
renal hypoxia and blood vessels using Pimo-BODIPY and Evans blue (Figure 4¢). As clearly demonstrated in Figure 4e (left vs right)
and Supplementary Movie 2, the 3D visualization provided a much clearer interpretation of the hypoxia-vascular relationship than
the 2D visualization.

In whole-body hypoxia imaging, the strong signal derived from Pimo-Me-Si-Rhodol was detected not only in the kidney (Figure
4k) but also in the liver (Figure 4j). The oxygen pressure in the renal outer medulla has been reported to be about 10 mmHg under a
regular physiological condition by the direct measurement of pO, with a polarographic micro-needle electrode®. Our results of renal
hypoxia imaging were consistent with these previous reports. As for the liver, it is already known that the vicinity of the central veins
(CVs) is relatively hypoxic, but not to an extent which is detectable with pimonidazole®*!. However, our results indicated that the
wide region around the CV in the liver was severely hypoxic (Figure 4j). The region labeled by Pimo-Me-Si-Rhodol in the liver was
highly merged with the region where carbonic anhydrase IX (CA IX), an endogenous hypoxia-related marker, was expressed
(Supplementary Figure 18). This colocalization verifies that Pimo-Me-Si-Rhodol detected in vivo severe hypoxia while the organism
was alive. Considering that the liver is the organ responsible for the metabolism and excretion of lipophilic xenobiotics®’, a process
requiring significant oxygen consumption, it is possible that the fluorescence observed around the CV indicates that severe hypoxia
transiently emerged as a result of the metabolism of Pimo-Me-Si-Rhodol. On the other hand, weak fluorescence of Pimo-Me-Si-
Rhodol was detected in the spleen, in which hypoxia has been previously reported to exist®?. Weak fluorescence was also observed
in tissues where hypoxia has not been previously indicated, such as around the eyes and in the dorsal muscles (Figures 4i and 4l).
Further investigation is needed to elucidate the physiological significance of these hypoxic regions observed in this study.

As shown in the above results, the combination of tissue clearing and compatible activatable covalent fluorescent probes enables
seamless microenvironment imaging from the level of whole-body to single-cell. While we targeted hypoxia with pimonidazole-
based activatable fluorescent probes, various other microenvironments and molecular activities can be studied by utilizing alternative
reactive moieties developed in the field of chemical biology?>-46.

Furthermore, fluorescent molecular probes have another great advantage. They can be synthesized in large amounts at a reasonable
cost. This enhances the feasibility of the simultaneous whole-body analysis of multiple samples, which is troublesome to implement
with antibodies and transgenic animals. The comparative analysis of multiple imaging data of microenvironments acquired under
various conditions is conceivable to elucidate unknown microenvironment-related associations between different organs or tissues.
In the future, the methodology realized in this study is expected to make a significant contribution to the exploration of previously
unknown biological phenomena and their role in pathological processes.
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