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Rapid increase in transparency of biological organs
by matching refractive index of medium to cell
membrane using phosphoric acid
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Tissue clearing is a fundamental challenge in biology and medicine to achieve high-resolution optical
imaging of tissues deep inside intact organs. The clearing methods reported up to now require long
incubation times or physical/electrical pressure to achieve tissue clearing, which is done by matching the
refractive indices of the whole sample and medium to that of the lipid layer. Here we show that
phosphoric acid increases the refractive index of the medium and can increase the transparency of
formalin-fixed tissue samples rapidly. While phosphoric acid (8.5-14.2 M) suppresses bright signals on
the boundary of cells in their phase-contrast images, it does not damage the morphology of the
phospholipid cell membrane. Immersion of fixed tissues of mice in phosphoric acid solutions (8.5-14.2
M) increased their transparency within 60 min in the case of 3 mm-thick fixed tissue specimens.
Although further investigations are needed to apply this protocol to three-dimensional fluorescence
imaging or immunohistochemistry, the protocol presented herein may contribute to developing better
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Introduction

Whole-tissue and whole-body imaging of single cells in opaque
tissues has been a fundamental challenge in biology and
medicine. Biological three-dimensional (3D) imaging has been
achieved by reconstructing structure from images of mechan-
ically sectioned tissues, for example serial block-face scanning
electron microscopy' and array tomography.> However, the
technique is not only labor-intensive and time-consuming but
also error-prone.®* The utility of rendering tissue optically
transparent is well known for 3D imaging of cell populations
located deep inside intact tissue. Optical sectioning provides
a potentially fast, simple and inexpensive alternative to 3D
reconstruction; however, its use for deep imaging is prevented
by tissue opacity.

Optical imaging of thick tissues is mostly limited by scat-
tering of imaging light through thick tissues, which contain
various cellular and extracellular structures with different
refractive indices. The imaging light traveling through different
structures is scattered and loses its excitation and emission

“Department of Materials Science and Technology, Faculty of Industrial Science and
Technology, Tokyo University of Science, 6-3-1 Niijuku, Katsushika-ku, Tokyo
125-8585, Japan. E-mail: masa-ume@rs.noda.tus.ac.jp; mail@ksoga.com

*Imaging Frontier Center, Research Institute for Science and Technology (RIST),
Organization for Research Advancement, Tokyo University of Science, 2641
Yamazaki, Noda-shi, Chiba 278-8510, Japan

T These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2019

and faster soaking methods for tissue clearing than previously reported protocols.

efficiency, resulting in reduced resolution and imaging depth.*
The low refractive index of water compared with that of cellular
structures containing proteins and lipids has been the major
issue in this regard; in order to address this problem, the main
concept of tissue clearing is to adjust the difference between the
refractive index of the medium and that of the lipid bilayer.>*
The clearing was achieved by hydrophobic solutions during the
early stage of technical development.” In this method, a fixed
sample is incubated in a mixture of benzyl alcohol and benzyl
benzoate after dehydration of the sample with ethanol and
hexane. Subsequent reports showed that the use of tetrahy-
drofuran or dibenzyl ether instead of alcohol for dehydration
improved the clearing of entire brains of adult mice®*® and this
method is applicable to clearing lipid-rich spinal cord.*
Removing membrane lipids by repetitive organic solvent-based
dehydration-rehydration improved the permeabilization of
tissues."

To reduce the denaturation and to improve the retention of
fluorescent signals in formalin-fixed tissue samples, urea-based
hydrophilic mixtures were developed, called Scale." Because
this technique provided a simple, inexpensive alternative to
array tomography and serial section electron microscopy, it
contributed to promoting and devising further protocols for
tissue clearing. Another protocol, using formamide and
formamide/poly(ethylene glycol), called Clear” and Clear™, was
able to clear mouse embryo and brain with no detergents or
solvents.” A method called SeeDB, an abbreviation for ‘see deep
brain’, using fructose and a-thioglycerol, renders tissue samples
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transparent to allow analyses of cellular morphology without
removing any components of tissues during the clearing
process and thus has minimum deformation artifacts.* Adding
fructose to urea can control urea-mediated tissue expansion
during the clearing process."”” Sugar and sugar-alcohol solu-
tions also achieve clearing of 100 pm-thick mouse brain slices.*®
Preparation of clearing solutions to adjust the refractive index
of samples to that of immersion oil (1.518) on the objective lens
is effective for high-resolution fluorescence imaging."” Electro-
phoresis to remove lipids after embedding tissue into hydrogel
polymer contributes to better tissue clearing in a method
named CLARITY (clear lipid-exchanged acrylamide-hybridized
rigid  imaging/immunostaining/in  situ  hybridization-
compatible tissue-hydrogel).'® However, because this method
was technically complex, a passive tissue clearing approach
using different fixative-hydrogel monomer crosslinking solu-
tions was subsequently reported for adult rodents or human
post-mortem brain.'*?*® A solution of 2,2'-thiodiethanol is also
effective for clearing brains* and facilitated 3D observation of
formalin-fixed and fluorescent-labeled whole mouse brains and
2 mm-thick blocks of human brains in combination with
CLARITY.”” To improve the methodology to deliver reagents
deep inside thick tissues, an active clearing technique, ACT-
PRESTO (active clarity technique-pressure related efficient and
stable transfer of macromolecules into organs), was reported for
rendering large tissue samples such as rat and rabbit brains,
and even whole bodies of adult mice, optically transparent.* On
the other hand, a method called CUBIC, an abbreviation for
‘clear unobstructed brain imaging cocktails and computational
analysis’, achieves tissue transparency by passively clearing
phospholipids using a mixture of urea and amino alcohol,**
which decolorizes blood by efficiently eluting the heme chro-
mophore from hemoglobin.*® Optimized CUBIC protocols for
whole-body transparent observation of mice*® and organs of
rats>” have also been reported. To reduce tissue damage and
degradation, the use of a mild tissue-permeant sugar-alcohol
and sorbitol was reported as a method that allows optical
reconstructions of 3D mapping of amyloid plaques, neurons
and microglia by successive fluorescence and electron micros-
copy.*® However, one of the major issues is that the protocols
reported above for clearing tissues require long incubation
times, from several hours to days, or pressure that also damages
the samples. Rapid and simple soaking protocols for tissue
clearing are thus desirable.

Many hydrophilic solvents for tissue clearing contain mole-
cules of high refractive index to increase the refractive index of
the incubation medium, surfactant to delipidate*® and poten-
tially to promote the infiltration of the reagent deeper into
tissues, and urea.'>*>>*2%3° The refractive index of a material is
proportional to the square root of the dielectric constant of that
material, while the lipid membrane is composed of non-
polarized fatty-acid chains and polarized phosphate groups.
Therefore, we hypothesized that tissue clearing may be achieved
not only by increasing the refractive index of the medium but
also by affecting polarization and dielectric coefficient of the
lipid membrane, owing to urea in the solutions. In particular,
the research group who developed Scale, containing urea,
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Triton X-100, and glycerin, showed that partial tissue clearing
was achieved using only urea and the surfactant.> Even though
hydration ability, which accelerates the penetration of water
and other chemicals, is proposed as a possible mechanism
underlying the tissue clearing ability of urea,*® the mechanism
of its clearing effect is still important to explore. In the present
study, we first investigated the potential contribution of urea to
adjusting the refractive indices of the medium and the lipid
membrane. Next, the tissue clearing effect of phosphoric acid,
an anionic molecule which does not interact with the anionic
lipid bilayer but increases the refractive index of the medium,
was investigated. We showed that urea does not directly
contribute to decreasing the refractive index of the lipid bilayer,
and that phosphoric acid, which increases the refractive index
of the medium, is able to clear the tissues. Although the incu-
bation for fixed tissue samples in phosphoric acid involves only
passive immersion, the incubation time required for clearing 3
mm-thick specimens of organs of mice is shorter (=60 min)
compared with the case of other clearing reagents. Phosphoric
acid (14.2 M) also increased the transparency of whole hemi-
spheres of mouse brains within 60 min. The rapid optical
clearing protocol using phosphoric acid will contribute to
further improvement of tissue clearing protocols and will aid in
the advancement of biological research.

Experimental
Materials

Urea was purchased from Kanto Chemicals (Tokyo, Japan).
Phosphoric acid, sodium iodide, indium chloride, 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine  (DPPC), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), cholesterol, ethanol, chlo-
roform, formaldehyde, and Triton X-100 were purchased from
Fujifilm Wako Pure Chemical Co (Osaka, Japan). Phosphate
buffered saline (PBS) was purchased from Thermo Fisher
Scientific K.K. (Ma, USA). N-(Carbonyl-
methoxypolyethyleneglycol ~ 2000)-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE-PEG; Sunbright DSPE-020CN)
was purchased from NOF America Corporation (NY, USA). All
the reagents were used without further purification, and
handled safely without touching directly, in particular for
phosphoric acid of high concentration.

Measurement of refractive index of solutions

Solutions of saturating concentration of DPPC and 4 M urea
were prepared in ethanol. The refractive indices of the mixed
solutions in ethanol, water, and aqueous solutions of phos-
phoric acid (4-14.2 M), urea (4 M), sodium iodide (2 and 4 M),
indium chloride (4 M), and ScaleA2 were measured by Abbe's
refractometer (NAR-1T, Atago Co., Ltd, Tokyo, Japan).

Measurement of refractive index and optical loss of liposome
suspension

Liposome suspension was prepared by the Bangham method.**
Briefly, a mixture of 12 pmol of DPPC, 12 umol of DOPC, 12
umol of cholesterol, and 4 umol of DSPE-PEG was prepared in

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Effects of urea and phosphoric acid on the refractive indices of solvents and on transparency of liposome suspension. Refractive indices of
DPPC in ethanol and its mixture with urea are shown in (a). An increase in the refractive index of DPPC solution in ethanol due to urea suggests
that urea does not influence the polarization of the phosphoric acid groups of the lipid bilayer but increases the refractive index of the medium.
The effects of urea (4 M) and phosphoric acid (14.2 M) on the refractive index of the medium and optical loss of liposome suspension at 600 nm

(OD600) are shown in (b). The OD600 data are shown as means
phosphocholine.

1600 pL of chloroform in an eggplant-shaped glass flask, and
then evaporated at 37 °C to remove chloroform and to obtain
a thin lipid bilayer on the inner wall of the flask. 7.5 mL of either
distilled water, aqueous solution of urea (4 M) or phosphoric
acid (14.2 M) was added into the flask and sonicated to prepare
a liposome suspension in each liquid. The optical loss (OD600)
of the liposome suspensions was measured by using a V-660
spectrometer (JASCO Co., Tokyo, Japan) and a 1.5 mL dispos-
able cuvette (Brand GmbH & Co. KG, Wertheim, Germany).

Measurement of optical loss of cell suspension of mouse brain

All animals were handled in accordance with the Japanese
national guidelines for the care and use of laboratory animals
and with the approval of the Animal Care and Use Committee of
the Tokyo University of Science. Brain samples isolated from
adult ICR mice sacrificed under hyper-anesthesia were minced
by using a BioMasher (Nippi Inc., Tokyo, Japan), suspended in
PBS, and fixed using 4 wt% formaldehyde in PBS overnight.
Fixed cell suspension was collected by centrifugation (1200 x g,
5 min), washed with PBS three times, and divided into different
tubes. The cell suspensions were then incubated in either Sca-
leA2, PBS, or an aqueous solution of urea (4 M), indium chloride
(4 M), sodium iodide (2, 4 M), Triton X-100 (10 wt%), phos-
phoric acid (8.5, 11.4, 14.2 M), or 0.1 wt% Triton X-100 in
phosphoric acid (14.2 M) for 24 h at room temperature. The
0OD600 was measured by means of a V-660 spectrometer (JASCO)
and a 1.5 mL disposable cuvette (Brand GmbH & Co. KG, Wer-
theim, Germany).

Observation of morphology and phase-contrast image of
formalin-fixed cells

Cultured Colon-26 cells were maintained in Minimum Essential
Medium [(+)Eagle’'s salt, (+)i-glutamine] (Gibco, Thermo

This journal is © The Royal Society of Chemistry 2019

+ SD (n = 3). Abbreviation: DPPC, 1,2-dipalmitoyl-sn-glycero-3-

Scientific, MA, USA) supplemented with 10% fetal bovine serum
(Biowest, Nuaillé, France) and 1% penicillin-streptomycin
(Wako, Tokyo, Japan) at 37 °C in humidified air containing 5%
CO,. After staining of the cell membrane by CellMask Orange
(Thermo Fisher Scientific), the cells were fixed using 4 wt%
formaldehyde in PBS for 10 min, washed with PBS, and then
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Fig. 2 Effects of candidate solutions with different refractive indices
on light loss for fixed cell suspension. Effects of 24 h incubation in
candidate chemical solutions with various refractive indices on OD600
values (means 4 SD, n = 3) of brain cell suspension fixed with form-
aldehyde are shown. Phosphoric acid (8.5, 11.4, 14.2 M) further
increases the refractive index of the medium and the transparency of
the cell suspension compared with sodium iodide (4 M), urea (4 M), and
indium chloride (4 M). Abbreviations: InCl, indium chloride; Nal,
sodium iodide; PBS, phosphate buffered saline.
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incubated in phosphoric acid (14.2 M) for 0-48 h. Cell
membrane stained with CellMask was observed by fluorescence
microscopy through a band-pass filter (cut-on wavelength: 575
nm) under excitation (540 + 10 nm). Unstained cells were also
fixed with formalin, washed with PBS, incubated in ScaleA2,
phosphoric acid (14.2 M), or PBS for 24 h, and observed under
phase-contrast microscopy.

Measurement of optical loss of mouse tissues

Brain, liver, kidney, and lung samples were obtained from adult
ICR mice after blood removal from the aortas under anesthesia.
The samples of liver, kidney, and lung were fixed with 4 wt%
formaldehyde in PBS for 48 h, washed with PBS, and cut into
approximately 3 mm-thick specimens. The fixed tissue speci-
mens and brain hemispheres of mice were incubated in either
ScaleA2, PBS, or an aqueous solution of indium chloride (4 M),
sodium iodide (4 M), Triton X-100 (10 wt%), or phosphoric acid
(8.5, 11.4, 14.2 M) for 60 min. The macroscopic images of the
treated samples were captured by a digital camera. To confirm
the reversibility of tissue clearing, 450 pm-thick specimens of
mouse brain were prepared, fixed with formaldehyde for
60 min, washed with PBS, incubated in 14.2 M phosphoric acid
or PBS for 60 min, replaced and kept in PBS for 24 h, and their
images were also recorded by digital camera.
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Results and discussion

Phospholipid, containing both hydrophobic and hydrophilic
parts, is arranged in three layers in the plasma membrane; the
hydrophobic part is in the interior of the membrane, whereas
the hydrophilic part points outwards, toward either the cyto-
plasm or the fluid that surrounds the cell. The hydrophobic and
hydrophilic parts have different refractive indices owing to the
difference in their dielectric constants. Our hypothesis was
a possible contribution of decrease in polarization of the
phosphate group, induced by electrostatic interaction of the
polarized group with urea, to decreasing the refractive index
difference between the lipid bilayer and medium. The refractive
index of the solution of a representative phospholipid, dipal-
mitoylphosphatidylcholine (DPPC), in ethanol, which is able to
dissolve both DPPC and urea, was higher than those of ethanol
and water (Fig. 1a). Adding urea to ethanol and to DPPC solu-
tion in ethanol increased their refractive indices (Fig. 1a). These
results suggest that urea does not decrease the refractive index
of DPPC in ethanol but increases the refractive indices of the
solutions. The optical loss of liposomes suspended in an
aqueous solution of urea (4 M), which shows higher refractive
index than water, was higher than that of liposomes suspended
in water (Fig. 1b). Moreover, 14.2 M phosphoric acid, which is
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Fig. 3 Phase-contrast images of formalin-fixed cultured colon-26 cells incubated in phosphoric acid or ScaleA2. Effect of ScaleA2 and
phosphoric acid (14.2 M) solution on the phase contrast at the edge of cultured cells is shown in the images. Scale bars indicate 50 um. The graph
shows the concentration-dependent effect of phosphoric acid (8.5-14.2 M) on the gray values of background and the edge in the microscope

images.
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an anionic molecule that does not interact with the anionic
phosphate group of lipid bilayers, shows higher refractive index
than 4 M urea solution and decreased the optical loss of the
liposomes (Fig. 1b). We concluded that urea increased the
transparency of liposomes not by affecting the polarization or
refractive index of phosphate groups of the lipid bilayer, but by
reducing the difference in refractive indices between the
medium and the lipid bilayer, as did phosphoric acid. The
clearing effect of phosphoric acid is greater than that of 4 M
urea owing to its higher refractive index.

Next, we investigated the clearing effect of phosphoric acid,
which decreased the light loss of the liposomes, and other
candidate chemical solutions on fixed cell suspensions of
mouse brain tissues. We targeted phosphoric acid solution
because the phosphate group is strongly polarized and thus
contributes to the high refractive index of the phospholipid
bilayer. Tissue clearing effects of many kinds of solvents were
evaluated by measuring the light loss (OD600) of suspensions of
tissue cells fixed with formaldehyde after homogenization, as in
previous studies.”* The loss of light intensity by formalin-fixed
cell suspensions of mouse brain was decreased by 24 h incu-
bation in phosphoric acid and ScaleA2 (Fig. 2). On the other
hand, although sodium iodide (4 M) solution has a similar high
refractive index to phosphoric acid (11.4 M), sodium iodide did
not decrease the light loss of the cell suspension during the 24 h
incubation. Indium chloride (4 M) also has a similar refractive
index to urea (4 M); it did not attenuate the light loss due to the
24 h incubation as well as sodium iodide. Incubation of
cultured cells in tissue clearing solutions (phosphoric acid and

View Article Online
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ScaleA2) attenuated the bright signal on the boundary of cells in
the phase-contrast image in a concentration-dependent manner
(Fig. 3). Because the bright signal on the cell boundary is
generated where the difference in refractive index between the
sample and background is large, the decrease in the signal
caused by the clearing solutions supports the effects of the
solutions on the refractive index difference between the cell
membrane and medium. Care should be taken regarding the
possibility that the contrast in the phase-contrast image may be
also affected by cell-substrate attachment. The stability of
formalin-fixed cell membrane in phosphoric acid was
confirmed by labeling the membrane of the cultured cells,
suggesting that phosphoric acid does not damage the fixed
membrane during incubation (Fig. 4). Macroscopic images of
formalin-fixed organ specimens (liver, kidney, and lung) of mice
demonstrated that the samples were partially cleared by 60 min
incubation in phosphoric acid solution (Fig. 5). The visibility of
a black and white checker board through the tissues was eval-
uated after incubation (Fig. 5). The results showed that phos-
phoric acid (8.5 M) is effective for reducing scattering by the
liver, while higher concentrations of 11.4 M and 14.2 M are
needed for the kidney and lung, respectively. The samples were
not damaged by incubation in phosphoric acid for 60 min. The
possibility that the sample is damaged by longer (e.g., >24 h)
incubation should be taken into consideration. The white
scattering by tissues was reduced, while the color remained
after the incubation; therefore, the dark-red color looks partially
enhanced in the pictures (Fig. 5). Further investigations are
required for more successful tissue clearing by combination

Fig. 4

Images of formalin-fixed plasma membrane of cultured cells incubated in phosphoric acid. Cultured colon-26 cells were stained with

CellMask Orange (Thermo Fisher Scientific), fixed by using 4 wt% formaldehyde in PBS, washed with PBS, and then incubated in phosphoric acid
(14.2 M) for 0-48 h and observed under a microscope. Scale bars indicate 10 um. The images confirmed that formalin-fixed cell membrane was

retained during incubation in the solution.

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 15269-15276 | 15273


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra01445d

Open Access Article. Published on 17 May 2019. Downloaded on 12/4/2025 7:10:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Liver | Kidney | Lung Liver | Kidney
) = ] - - >
before g w before *
Nal
FBs = “Mm
after ﬁ after ! ?
. |before ‘ " before :
Phosphoric w
Acid InC1
(142 M) - “M) |
after ‘ 1 after | |
| ;
7 - ,
Phosbhor before ' before| &
osphoric . 1
Acid Tr_lltggx :
(11.4 M) , ™
after ﬁ after
; | 8.
= |
before I‘ e before
Phosphoric w @ d g
Acid ScaleA2
o G| d ol
after after F .

Fig.5 Effect of incubation in chemical solutions on macroscopic images of formalin-fixed tissue specimens from mice. The specimens of liver,
kidney, and lung of mice were fixed with 4 wt% formaldehyde for 48 h, washed with PBS, and then incubated in the indicated chemical solutions

for 60 min. The apertures of the background lattice are 4 mm.

with decolorization reagents such as aminoalcohol.*® The
phosphoric acid solutions reduced the scattering within 10 min,
while the clearing effect was saturated after 60 min incubation
(unpublished data). On the other hand, 60 min incubation was
too short to clear the tissue specimens by means of ScaleA2.
Rapid tissue clearing by phosphoric acid is possibly due to fast
infiltration of the molecule because of its small size. The
molecular size of phosphoric acid (PO,*") is smaller than that of
urea (CH3;COCH3;), glycerol [CH,(OH)-CH(OH)-CH,(OH)], and
sugars and sugar-alcohols. Other candidate chemicals

(a)

investigated in the present study, sodium iodide (4 M) and
indium chloride (4 M), did not make the tissues transparent,
possibly owing to their lower refractive indices, but induced
shrinkage of samples, especially the kidney specimen. Phos-
phoric acid is also able to make brain hemispheres transparent,
as shown in Fig. 6. The clearing by phosphoric acid is reversible:
re-incubation of transparent 450 um-thick brain slices in PBS
made the samples as opaque as before phosphoric acid treat-
ment (Fig. 6b). This result indicates that phosphoric acid
reduces light scattering in the tissue sample not by irreversible

(b)
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Fig.6 Clearing mouse brains by means of phosphoric acid. Representative images of (a) hemispheres and (b) 450 pm-thick specimens of mouse
brains before and after 60 min incubation in phosphoric acid (8.5, 11.4, and 14.2 M) are shown. As shown in (b), brain tissue that had been cleared
once by using phosphoric acid (14.2 M) returned to the opaque state after re-incubation in PBS for 24 h.
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chemical modification but by adjusting the refractive index of
the sample to a value close to that of the cell membrane by
simple infiltration.

This article just focused on rapid reduction of light scat-
tering of biological tissues by soaking them in phosphoric acid,
a small molecule with high refractive index. Because, in scien-
tific research, most tissues need to be analyzed by immuno-
histochemistry or fluorescence imaging after optical clearing,
further experiments are currently underway to investigate the
availability of phosphoric salt solutions with less acidity for
optical imaging of inside of the cleared tissues.

Conclusions

The present study showed that phosphoric acid, a hydrophilic
solvent, can clear tissues including brain, liver, kidney, and
lung of mice. Phosphoric acid reduces light scattering by mouse
tissues rapidly, requiring only 60 min incubation, while it does
not damage the morphology of the phospholipid cell
membrane. Combination of decoloring agents with small
molecular solutes that increase refractive index, like phosphoric
acid, may achieve better and rapid tissue clearing. The potential
of phosphoric salts with neutral pH for tissue clearing is also of
future interest because acidic conditions generally denature
fluorescent proteins.**** The rapid reducing of scattering with
the use of phosphoric acid as presented here will contribute to
developing better and faster soaking methods for tissue
clearing than previously reported protocols.
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