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Biological systems consist of a large number of interacting com-
ponents in their native 3D environment. This theme recurs 
at nearly every length scale, ranging from protein networks 

to organelles within cells, various cell types within tissues and syn-
ergistic tissues within functional organs and reaching maximum 
complexity in the nervous system. Indeed, numerous highly diver-
sified cell types exist and intermix in the central nervous system. 
For example, in the frontal cortex alone, a recent methylome study 
identified at least 16 neuronal subtypes in mice and 21 neuronal 
subtypes in humans1. Moreover, individual neurons can extend in 
many directions and project over long distances2. Hence, mapping 
multiple proteins over a large volume is critical in understanding 
complex biological systems.

Fluorescence microscopy is the prevalent technique for pro-
tein imaging. However, due to fast electronic dephasing, the fluo-
rescence spectrum is too broad to spectrally resolve many targets 
at once, known as the ‘color barrier’ (Fig. 1). As a result, typically 
no more than five targets can be simultaneously imaged (or seven 
using specialized instrumentation and analysis3,4). To visualize 
a large number of targets at the same time, highly multiplexed 
protein-imaging techniques have been developed. However, these 
methods are mostly confined to relatively thin samples (Fig. 1). Mass 
spectrometry-based methods are inherently surface techniques5,6. 
Cyclic immunofluorescence performs multiple (often greater than 
ten) rounds of labeling, antibody stripping (or photobleaching) 
and restaining7–10. However, cyclic methods are extremely difficult 
to apply to thick tissues due to several inherent limitations. First, 
multiple rounds of 3D immunostaining could take an unpractically 
long time; 3–8 d are typically required for antibodies to penetrate 
into 1-mm-thick tissues (Supplementary Table 1), and, hence, ten 
rounds of staining and destaining will be prohibitively lengthy. 
Second, repeated tissue processing, especially volumetric antibody 

stripping and postclearing restaining, can cause accumulated anti-
gen loss and fine structural damage5. CLARITY reported three 
cycles on 1-mm-thick tissue11, but possibly with compromised 
structural and antigen integrity12,13. Third, 3D image co-registration 
and subsequent inference becomes much more difficult than the 
two-dimensional counterpart due to non-linear volumetric histo-
logical changes among different cycles5. Owing to these limitations, 
despite recent innovations on engineering tissues13–15, cyclic immu-
nofluorescence has only been demonstrated in a relatively superfi-
cial depth (~100 μm) with a limited number of cycles even in the 
best case scenario. Thus, in spite of its perceived importance, highly 
multiplexed protein imaging in large 3D volume remains uncharted.

Our premise is that the above difficulties can be overcome if one 
can use a one-shot optical method. To develop such technology, we 
harness advanced Raman microscopy. Owing to much narrower 
vibrational peaks (~10 cm−1) than fluorescence (~500 cm−1), Raman 
imaging can, in principle, break the fluorescence color barrier16. For 
example, Cy5, one of the most commonly used fluorescent dyes, 
shows a 50-nm (~700 cm−1) full width at half maximum (FWHM) 
in the fluorescence spectrum, but the Raman signature of its dou-
ble bond in the fingerprint region is only 12 cm−1 in width16. Thus 
Raman spectroscopy poses a fundamental advantage for multiplex-
ing in one shot. However, its sensitivity is generally far from ideal 
for imaging specific proteins inside cells17. Recently, by combining 
electronic preresonance spectroscopy with stimulated Raman scat-
tering (SRS) microscopy (that is, epr-SRS), the Raman cross sec-
tions of electronically coupled vibrational modes in light-absorbing 
dyes can be enhanced by 1013-fold16,18. As a result of this drastic 
enhancement, we achieved nanomolar sensitivity of Raman-active 
dyes (such as commercial far-red fluorescent dyes and specially 
designed Manhattan Raman scattering (MARS) probes with conju-
gated triple bonds19) and demonstrated epr-SRS imaging of specific 
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proteins inside cells16. Hence, the sensitivity issue of protein imag-
ing by Raman microscopy is largely solved (Supplementary Note 1). 
However, as an optical technique, imaging depth of epr-SRS is still 
limited by the inevitable light scattering inside biological tissues. As 
a result, the epr-SRS imaging reported so far was performed only on 
thin tissue sections.

Thus we aim to generalize epr-SRS to large-scale volumet-
ric imaging. Our inspiration comes from the recent success of 
tissue-clearing technology, a powerful strategy to gain deep opti-
cal access inside tissues by homogenizing refractive indices20,21. 
However, the coupling of epr-SRS with tissue clearing can be eas-
ily hampered by the high-concentration chemicals inside refrac-
tive index-matching solutions (RIMS), which could produce 
overwhelming Raman background, interfering with the desired 
signature of Raman-active dyes. To explore this unknown para-
digm, we adopted a systematic strategy to optimize the coupling 
between epr-SRS microscopy and tissue clearing. We started by 
examining the spectral compatibility of Raman-active dyes with 
tissue-clearing protocols. The results suggested unsuitability of 
commercial dyes for this task and prompted us to develop new 

bioorthogonal vibrational probes. These new probes allowed for 
immuno-eprSRS imaging of various protein targets in diverse tis-
sue types under different sample preparations. We then screened 
and compared common tissue-clearing methods for volumetric 
epr-SRS imaging, and the obtained insights led to our optimization 
of rDISCO as a Raman dye-tailored tissue-clearing method. With 
the synergistic developments along both probes and tissue clear-
ing, we achieved one-shot multiplexed imaging of more than ten 
targets in millimeter-thick brain tissues, which extends the imaging 
depth of the current best volumetric cyclic immunofluorescence 
results by tenfold. We name this new method RADIANT, which 
has unique advantages for thick tissues in that antibody staining 
and imaging can be performed for all targets in one shot, thereby 
circumventing the abovementioned limitations with cyclic immu-
nofluorescence techniques. We further demonstrated its utility in 
extracting systems information, including regional segmentation, 
spatial correlation, cellular composition, 3D distance and network 
topology, during cerebellum development.

Results
Compatibility study of Raman dyes with tissue clearing. As tissue 
clearing is almost exclusively developed for fluorescence micros-
copy, we need to first study whether Raman-active dyes can be 
imaged after tissue-clearing protocols. A potential pitfall, which is 
new for Raman microscopy but not for fluorescence, is the inter-
fering Raman background from the high-concentration chemicals 
used in RIMS that are required by all tissue-clearing methods.

It is a common practice in the Raman field to use commercial 
Raman-active dyes for multiplexed detection in the fingerprint 
region (500–1,700 cm−1)22. To study their spectral compatibility with 
RIMS, we picked MitoTracker deep red and ATTO 740 as two model 
compounds16 and used the RIMS from popular tissue-clearing 
methods, such as sorbitol-based scale (ScaleS)23, ultrafast optical 
clearing method (FOCM)24, clearing-enhanced 3D (Ce3D)25, 3D 
imaging of solvent-cleared organs (3DISCO)26 and ultimate DISCO 
(uDISCO)27, to represent the final imaging media. As expected, the 
fluorescence signals of MitoTracker were background free in all 
the RIMS used in the test (Extended Data Fig. 1a). However, the 
epr-SRS signals of both MitoTracker and ATTO 740 suffered from 
interfering Raman backgrounds in the fingerprint region originat-
ing from the RIMS with varying extent (Extended Data Fig. 1b,c). 
In particular, the backgrounds from RIMS in 3DISCO and uDISCO 
completely overwhelmed the signal from MitoTracker. Similarly, 
ATTO 740 signal was largely buried in the background from RIMS 
in Ce3D. The epr-SRS imaging results can be explained by the rela-
tive Raman spectral intensities acquired for RIMS in this fingerprint 
region (Extended Data Fig. 1d).

The above incompatibility of commercial Raman-active dyes 
with tissue clearing urges us to look for spectral features outside 
the fingerprint region. Epr-SRS imaging also works for specially 
engineered MARS dyes, which uniquely use π-conjugated triple 
bonds (hence, gain electronic enhancement in epr-SRS excita-
tion) as the bioorthogonal Raman reporters in the cell-silent spec-
tral region (1,800–2,800 cm−1)16,19,28. Because of the structural and 
spectral similarity of all MARS dyes, we picked a MARS dye as a 
model system to study the spectral compatibility with those RIMS. 
Remarkably, epr-SRS imaging of the MARS dye was free from 
background interference of all the tested RIMS, indicating that 
MARS dyes were spectrally orthogonal to all the solutions tested 
(Extended Data Fig. 1e). This desirable feature emerges because 
all clearing reagents are Raman transparent in the spectral range 
(2,000–2,400 cm−1) of the reporter triple bonds (Extended Data 
Fig. 1f), indicating spectral compatibility of the entire MARS pal-
ette with all the common RIMS. We hence selected the bioorthogo-
nal MARS dyes over conventional/commercial dyes as the imaging 
probes for RADIANT.
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Fig. 1 | the limitations of existing protein-imaging methods toward  
highly multiplexed volumetric protein imaging. A summary including  
the details of the listed methods can be found in Supplementary  
Table 1; color barrier, typically no more than five colors can be detected 
simultaneously by fluorescence microscopy. A general trade-off between 
content (high multiplexity) and context (thick samples) restricts the 
use of existing protein-imaging methods toward highly multiplexed 
volumetric protein imaging. RADIANT breaks the content–context 
trade-off (yellow region); uDISCO, ultimate DISCO; SeeDB, see deep 
brain; Ce3D, clearing-enhanced 3D; PACT, passive clarity technique; 
CLARTY, clear lipid-exchanged acrylamide-hybridized rigid imaging/
immunostaining/in situ hybridization-compatible tissue-hydrogel; ScaleS, 
sorbitol-based scale; iDISCO, immunolabeling-enabled DISCO; SHANEL, 
small-micelle-mediated human organ efficient clearing and labeling; 
eFLASH, electrophoretically driven fast labeling using affinity sweeping 
in hydrogel; CUBIC-HV, CUBIC-HistoVIsion; MIBI, multiplexed ion beam 
imaging; TOF, time of flight; CyTOF, cytometry by time of flight; CODEX, 
codetection by indexing; MxIF, multiplex immunofluorescence; CycIF, 
cyclic immunofluorescence; immuno-SABER, immunostaining with signal 
amplification by exchange reaction; SWITCH, system-wide control of 
interaction time and kinetics of chemicals; SHIELD, stabilization to harsh 
conditions via intramolecular epoxide linkages to prevent degradation; 
MAP, magnified analysis of the proteome.
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One-shot 12-color protein imaging with an expanded MARS 
palette. We next expanded the MARS palette for one-shot multi-
plex immunolabeling. N-hydroxy-succinimidyl-ester (NHS ester) 
is a common reactive group used to functionalize dyes for subse-
quent antibody conjugation. Because only four MARS probes were 
previously synthesized with NHS esters16 (carbon-cored (C-cored) 
xanthene structure; Fig. 2a, blue box), we synthesized a new set 

of NHS ester-functionalized MARS probes that differ in core 
atoms, ring numbers and isotope combination on nitrile bonds 
(Supplementary Fig. 1). After examining the resulting SRS spec-
tra, four more MARS probes of an oxygen-cored (O-cored) scaffold 
were selected (Fig. 2a, red box) based on optimal spectral separation 
and peak width (Supplementary Fig. 1 and Supplementary Table 2). 
Together with the original four C-cored probes, we obtained eight 
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ester-functionalized MARS probes. c, Diffraction-limited immuno-eprSRS imaging of α-tubulin; AU, arbitrary units. Bottom left, magnified image of the 
region outlined by the white box. Bottom right, epr-SRS signal along the white dotted line cut in the magnified image. d, Comparison of immuno-eprSRS 
with conventional immunofluorescence using the same primary antibody; SNR, signal-to-noise ratio. e, Immuno-eprSRS is compatible with common 
tissue preparations, including frozen tissue of mouse pancreas with glucagon labeled by MARS2176, FFPE tissue of human kidney with vimentin labeled 
by MARS2200 and PFA-fixed mouse brain tissue with glial fibrillary acidic protein (GFAP) labeled by MARS2145. f, A multimodality platform of SRS 
fluorescence tandem imaging; EOM, electro-optics modulator; DM, dichromic mirror; OB, objective; CO, condenser; PD, photodiode; PMT, photomultiplier 
tube. g, Simultaneous 12-target imaging on mouse cerebellum thin sections. Fluorescence: DNA (DAPI), vesicular glutamate transporter 1 (VGluT1-Alexa 
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F-actin (Phalloidin-Alexa Fluor 647); epr-SRS: neuronal nuclei (NeuN; neurons, MARS2228), α-tubulin-MARS2176 (direct immunolabeling), calbindin (CB; 
Purkinje neurons, MARS2145), β-III-tubulin (TUBB3; neurons, MARS2200), wheat germ agglutinin (WGA; MARS2242), GABA (γ-aminobutyric acid) B 
receptor 2 (GABBR2; GABAergic neurons, MARS2212), myelin basic protein (MBP; oligodendrocytes, MARS2188) and GFAP (astrocytes and neural stem 
cells, MARS2159). Antibody information can be found in Supplementary Table 3; scale bars, 10 μm in c and 50 μm in d, e and g.
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NHS ester-functionalized MARS probes with distinct epr-SRS 
peaks (Fig. 2b).

Immunostaining of these MARS probes was then veri-
fied under epr-SRS (immuno-eprSRS). After conjugating NHS 
ester-functionalized MARS probes to secondary antibodies, specific 
protein targets can be visualized inside cells with diffraction-limited 
resolution (Fig. 2c, Extended Data Fig. 2 and Supplementary Fig. 2). 
When applied to tissues, immuno-eprSRS is compatible with mul-
tiple protein targets (for example, NeuN, GFAP, MBP, MAP2 and 
CB) and has comparable performance to standard immunofluores-
cence (Fig. 2d, Extended Data Figs. 3 and 4 and Supplementary Fig. 
3). Immuno-eprSRS is applicable to common sample preparations, 
including paraformaldehyde (PFA)-fixed tissues, formalin-fixed 
paraffin-embedded (FFPE) tissues and frozen tissues (Fig. 2e). 
Direct immunostaining with MARS-conjugated primary antibodies 
also showed good contrast (Extended Data Fig. 3c). Besides immu-
nostaining, MARS-conjugated lectins allowed us to visualize cell 
membranes and vasculature by targeting glycoproteins (Extended 
Data Fig. 3d). Together, these results indicate that immuno-eprSRS 
is generally applicable to imaging various protein targets in diverse 
tissue types under different sample preparations.

We then pursued simultaneous multiplex immuno-eprSRS 
imaging. As a feasibility test, two MARS probes with the small-
est spectral separation (~12 cm−1, one C-cored and one O-cored) 
can be used together without cross-talk (Extended Data Fig. 5a), 
indicating that all eight MARS probes are spectrally separable. 
Moreover, SRS can be integrated with fluorescence (both con-
focal and two-photon) as a multimodality platform (Fig. 2f), 
benefiting in increased multiplexing power and direct access to 

well-developed fluorescence probes. We then stained mouse cer-
ebellum thin sections and demonstrated 12-plex protein imag-
ing (Fig. 2g, Extended Data Fig. 5b–d and Supplementary Note 
1). All targets were imaged with expected patterns similar to the 
single-channel results (Extended Data Fig. 3). Through established 
biomarkers, we can identify different cell types, such as cerebel-
lar granule neurons (NeuN), Purkinje neurons (CB), astrocytes 
(GFAP) and oligodendrocytes (MBP).

Screening and studying tissue-clearing methods for 
immuno-eprSRS. Next, we sought to develop RADIANT by 
extending immuno-eprSRS of MARS probes to volumetric imaging. 
Two-photon excitation of SRS allows for intrinsic 3D optical sec-
tioning and prevents out-of-focus photobleaching (Extended Data 
Fig. 6). Our main task is thus to identify proper tissue-clearing pro-
tocols. While volumetric SRS was recently reported for label-free 
chemical imaging29, a urea-based clearing protocol was used to pre-
serve lipids, resulting in a compromised clearing ability in thick tis-
sues (Extended Data Fig. 7a). Additionally, urea is known to disrupt 
antibody–antigen binding affinity30 and thus is less ideal for immu-
nostaining. We hence evaluated several immunolabeling-verified 
and fast clearing approaches, including ScaleS23, FOCM24, Ce3D25, 
3DISCO26 and uDISCO27. SNRs of immuno-eprSRS on 40- or 
100-μm-thick tissue sections were measured after these clearing 
procedures, reflecting the joint effect of clearing, staining, probe 
concentration and stability. We found that DISCO-based methods 
outperformed others (Fig. 3a), partly due to probe concentration 
increase mediated by tissue shrinkage. Therefore, we chose DISCO 
as our basic protocol.
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Next, we asked why uDISCO performed better than 3DISCO 
(Fig. 3a), as tissue shrinkage is similar for both methods. In 
3DISCO, the refractive index-matching medium DBE is known to 
be prone to form peroxides27 (Fig. 3b and Supplementary Note 2). 
As shown in the absorption spectra of MARS probes freshly dis-
solved in the RIMS, a substantial intensity decrease was observed 
in DBE compared to either BABB or BABB-D4 (BABB:DPE = 4:1 
in uDISCO) (Fig. 3b,c). Additionally, a bluer absorption band 
appeared in DBE, especially for the C-cored probe (Extended Data 
Fig. 7b). These results collectively suggested the decomposition of 
MARS probes, likely induced by peroxides formed in DBE. Going 
from solutions to tissue samples, uDISCO also generated better 
SNRs in immuno-eprSRS than in 3DISCO (Fig. 3d) and induced 
less postclearing fluorescence background (Fig. 3e), consistent with 
the solution results.

By virtue of the chemical stability of MARS probes in uDISCO, 
we achieved 3D immuno-eprSRS imaging on 500-μm-thick cerebel-
lum sections with good contrast (Fig. 4a and Extended Data Fig. 8). 
In comparison, the contrast of uncleared samples decreased rapidly 
over a shallow depth of 50–100 μm (Supplementary Fig. 4). Such 
single-color success can be readily extended to multiplex epr-SRS 
imaging thanks to the chemical similarity of all the MARS probes 
(Fig. 2a). Notably, eight-target volumetric imaging (six SRS and two 

fluorescence channels) can be performed in one shot by RADIANT 
with expected patterns along the entire depth for each channel  
(Fig. 4b,c and Supplementary Fig. 5, magnified views in Fig. 4c), 
which already breaks the color barrier for thick tissues (Fig. 1).

Development of rDISCO for MARS dyes. Our insight on MARS 
probe susceptibility to peroxides provides an opportunity to fur-
ther improve the clearing method. Starting from uDISCO, we 
found that lowering clearing temperature to 4 °C increased SNR 
(Fig. 5a), as probe decomposition slows down as temperature 
decreases31. To scavenge peroxides, the uDISCO protocol adds a 
stable solvent DPE and an antioxidant vitamin E for better preserv-
ing of fluorescent proteins27. These strategies are also found to work 
for preserving MARS probes (Fig. 5b). Inspired by these findings, 
we further screened other common antioxidants in BABB-D4 solu-
tion and found that propyl gallate (PG) markedly improved SNR 
for both O- and C-cored probes (Fig. 5b,c). Indeed, PG is known 
to be an exceptionally potent antioxidant (~1,000 times more 
potent than vitamin E)32–34. Studying the concentration effect of PG  
(Fig. 5d), we found that the SNR of MARS dyes plateaued around 
1% PG. Together, we finalized this tailored tissue-clearing protocol 
as BABB-D4 supplemented with 1% PG for clearing at 4 °C and 
named it rDISCO.
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Finally, we demonstrated RADIANT with rDISCO for improved 
performance. For immuno-eprSRS on 100-μm sections, rDISCO 
offered 2.6-fold SNR improvement over uDISCO, which was 

1.8-fold better than 3DISCO (Fig. 5e), supporting rDISCO as a 
valuable improvement. Going to 1-mm-thick cerebellum sec-
tions, we labeled GFAP with C-cored MARS probe and made a  

z
y

x

a b f

c

e

50 10
0

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

55
0

60
0

65
0

70
0

75
0

80
0

85
0

90
0

0

50

100

150

200

uDISCO rDISCO

******** ** *** *** *** ********************* ** ***
** ** *** ***

Depth (µm)

SN
R

0

50

100

150

200
BABB
BABB-D4
BABB-D4 + VE
BABB-D4 + PG

C-cored 
MARS2228

O-cored 
MARS2159

SN
R

*
***

****

ns
ns

**

0

50

100

150

200

VE PG COT BME

HO

HO
OH

O

O

SH
HOSN

R

0.4 1 3
0

50

100

150

200

250

SN
R

SN
R

PG concentration (%)

NS

i

3DISCO uDISCO rDISCO
0

50
100
150
200

SN
R

***
1.8-fold

****
2.6-fold

0

8

4

2

6

SR
S 

in
te

ns
ity

 (A
U

)

d

RT
0

20
40
60
80

100
120

4°C

uDISCO 
(BABB-D4 + VE)

SN
R

****

z
y

x

GFAP MBP Merge

z = 130 µm z = 500 µm z = 830 µm

uDISCO rDISCO
40
60
80

100
120
140
160
180
200

1.8-fold
****j

100 µm

1
2

1

2

z = 500 µm
hg

Fig. 5 | Development of MARS probe-tailored rDiSco with improved performance. a, Temperature study with uDISCO. Two-tailed unpaired t-test 
(n = 6, 9 ROIs), P = 2.3 × 10−8, t = 12; RT, room temperature; VE, vitamin E. b-d, Screening strategies to further scavenge peroxides for better MARS probe 
preservation. b, One-way analysis of variance (ANOVA) followed by Holm–Bonferroni’s post hoc test; left, n = 6, 6, 9 and 6 ROIs; P = 0.039, 2.7 × 10−4 
and 7.8 × 10−6; right, n = 5 ROIs, P = 0.066, 0.31 and 1.6 × 10−3. c, VE, PG, 1,3,5,7-cyclooctatetraene (COT) or β-mercaptoethanol (BME) were added with 
a concentration of 0.4%. d, One-way ANOVA (n = 6 ROIs), P = 0.29; NS, not significant. e, Comparison of epr-SRS SNRs among 3DISCO, uDISCO and 
rDISCO. One-way ANOVA followed by Holm–Bonferroni post hoc test (n = 6 ROIs), P = 7.9 × 10−4 and 1.3 × 10−10. Representative images for three methods 
are shown below the bar graph. Mouse cerebellum tissue samples (100 μm thick) with GFAP labeled by MARS2228 or MARS2159 were used in a–e. 
MARS2228 was used in a and c–e. In b–d, clearing was performed at 4 °C. f, Volume-rendered images of GFAP (astrocytes, labeled with MARS2145) and 
MBP (oligodendrocytes, labeled with Alexa Fluor 488) in 1-mm-thick cerebellum sections cleared by rDISCO. Two-color merged single-plane images show 
good epr-SRS and fluorescence contrast along the whole depth. g, Zoomed-in, volume-rendered images of GFAP (labeled with MARS2145) in 1-mm-thick 
cerebellum sections cleared by rDISCO. h, Single-plane images of g at 500-μm depth show fine spatial resolution to resolve fibral structures of astrocytes. 
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comparison between rDISCO and uDISCO (Fig. 5f and Extended 
Data Fig. 9a). A fluorescence channel targeting MBP was also 
included as a reference. Zoomed-in images indicate fine spatial 
resolution of immuno-eprSRS after rDISCO clearing (Fig. 5g,h). 
Again, rDISCO offered universal SNR improvements over uDISCO 
for the entire thickness profile (Fig. 5i), which is 1.8-fold on average 
for all selected depths (Fig. 5j) and ~2-fold for the center region of 
the tissue (Extended Data Fig. 9b).

One-shot multiplexed imaging of millimeter-scale tissues. 
Encouraged by the SNR improvement with rDISCO, we accom-
plished one-shot imaging of 11 different targets in a 1-mm-thick cer-
ebellum section from a developing mouse (postnatal day 15 (P15)) 
cleared by rDISCO (Fig. 6a and Supplementary Fig. 6). Because all 
channels were imaged in one round, the resulting images are intrin-
sically autoaligned in 3D without the need of co-registration cor-
rection. The one-shot approach has unique advantages for thick 
tissues in that antibody staining and imaging can be performed for 
all targets in one shot, thereby circumventing the key limitations 
(discussed earlier) associated with cyclic immunofluorescence 
techniques. The results demonstrated here have extended the imag-
ing depth of state-of-the-art cyclic immunofluorescence imaging 
(achieving 7–12 colors in 100-μm-thick tissues13–15) by tenfold. The 
improvement is even more (>100-fold) when compared to mass 
spectrometry-based methods5,6.

Versatile analysis of segmentation, spatial correlation, cellular 
composition, 3D distance and network topology. We next show-
cased the utility of the multiplexed volumetric images in extract-
ing systems information, including regional segmentation, spatial 
correlation, cellular composition, 3D distance and network topol-
ogy. First, based on several markers (see Methods for details), we 
segmented the image into four anatomical layers of the cerebel-
lum, white matter, the granular layer, the Purkinje layer and the 
molecular layer (Extended Data Fig. 10a). Next, to acquire an over-
view of protein–protein correlation, we generated the heat maps of 
Pearson’s correlation coefficients between different protein pairs 
with hierarchical clustering for the four layers (Fig. 6b). The cor-
relation we observed is evidently higher than the random level 
(Extended Data Fig. 10b). As cerebellar granule cells are the most 
numerous neurons in the brain with their cell bodies densely packed 
into the granular layer35, the neuronal nuclear marker NeuN and 
the nuclear stain TO-PRO show highly positive correlation in the 
heat maps and close clustering in the dendrograms of the granular 
layer and all layers (Fig. 6b). By contrast, two cytoskeleton proteins, 
the astrocyte-specific GFAP and the neuron-specific TUBB3 (ref. 
36) show negative or close-to-zero correlation in the heat maps and 
reside far apart in the dendrograms across four anatomical layers 
(Fig. 6b). These observations capture spatial correlation and cluster-
ing with faithful biological meanings.

Cellular composition and 3D distance information can also 
be obtained. In Fig. 6b (red font), we noticed strong correlation 
between vimentin and GFAP, two major intermediate filaments 

for astrocytes, particularly in the white matter (r = 0.73). To study 
vimentin–GFAP correlation in different anatomical layers, we seg-
mented Vim+/GFAP–, Vim–/GFAP+ and Vim+/GFAP+ cells (Fig. 6c) 
and performed cell compositional analysis (Fig. 6d,e and Extended 
Data Fig. 10c). In the period of rapid myelination (~P0–P21 for 
mice), a transition has been reported to occur as vimentin is pro-
gressively replaced by GFAP in astrocytes during glial development 
(Fig. 6c)37,38. Hence, Vim+/GFAP–, Vim+/GFAP+ and Vim–/GFAP+ 
cells will correspond to astrocyte progenitors/radial glia, differenti-
ated astrocytes and mature astrocytes/Bergmann glia38, respectively 
(Fig. 6c). Consistently, we found that the majority of astrocytes (that 
is, GFAP+ cells) coexpress vimentin (Fig. 6e; compare the propor-
tion of Vim+/GFAP+ cells to that of Vim–/GFAP+ cells), suggesting 
an early stage of glial development in the P15 mouse coincident with 
the time window of myelination39. The distance between a cell and 
its closest blood vessel (cell-to-vessel distance) is a key parameter 
in the organization and development of the central nervous system, 
which is intrinsically three-dimensional and has to be assessed from 
volumetric images. We measured the astrocyte-to-vessel distances 
(for all GFAP+ cells) in our cerebellum sample as 7.8 ± 0.2 µm (Fig. 
6f). This distance is in a similar range to that measured in the mouse 
somatosensory cortex (6–10 µm) in the literature40. Notably, the 
cell-to-vessel distance is found to exhibit different distributions for 
three populations of cells, with the mean distances of 8.7 ± 0.2 µm 
for Vim+/GFAP– cells, 5.9 ± 0.2 µm for Vim+/GFAP+ cells and 
17.0 ± 0.6 µm for Vim–/GFAP+ cells (Fig. 6f,g); the relatively close 
cell-to-vessel distances for Vim+/GFAP– and Vim+/GFAP+ cells 
suggests that the coordination and interactions between glial pro-
genitors and blood vessels may peak at an early stage of astrocyte 
differentiation41,42. In particular, the closest association of Vim+/
GFAP+ cells with blood vessels (Fig. 6f,g) and their predominant 
distribution in white matter (Fig. 6d) echo with the essential func-
tions of astrocytes for the integrity of the blood–brain barrier and 
white matter vascularization during development43–45.

Network analysis allows us to explore the underlying architec-
tures and design principles of complex biological systems46,47. We 
analyzed correlation networks of these 11 molecular species for the 
four anatomical layers (Fig. 6h). First, we calculated two system-level 
properties of networks: average clustering coefficients and network 
diameters46. The average clustering coefficients range from 0.65 to 
0.76 for these five networks. These large, region-independent clus-
tering coefficients indicate modularity of the networks: a group of 
linked nodes work cooperatively to perform functions46. The net-
work diameters are 2 or 3 for these five networks, exhibiting the 
‘small-world’ property46,47. Next, we analyzed node importance by 
calculating the closeness centrality (high centrality implies a central 
role in the network48) and color coded each node with the central-
ity score, revealing the network of entire space and specific layers 
(Fig. 6h). For instance, five nodes have high centrality values in the 
network of all layers: LEL-labeled blood vessels and GFAP-labeled 
astrocytes maintain the blood–brain barrier and provide nutrients 
to the nervous tissues49,50, ConA and GS-II label specific glycopro-
teins that are involved in cell differentiation and development51 and 

Fig. 6 | RADiANt with rDiSco clearing enables millimeter-scale, highly multiplexed protein imaging. a, Eleven-target volume-rendered images of a 
1-mm-thick mouse cerebellum section by RADIANT with rDISCO clearing. Fluorescence: concanavalin A (ConA, Alexa Fluor 350), Griffonia simplicifolia 
lectin (GS-II, Alexa Fluor 488), TUBB3 (Alexa Fluor 594, direct immunolabeling), TO-PRO (cell nucleus stain); epr-SRS: NeuN (MARS2228), LEL 
(MARS2200), MBP (MARS2176), GABBR2 (MARS2145), WGA (MARS2242), vimentin (Vim, MARS2212) and GFAP (MARS2159). b, Pixel-based 
correlation heat maps for different regions of the cerebellum. The red font indicates strong correlation between GFAP and Vim. c, Segmentation of Vim+/
GFAP−, Vim−/GFAP+ and Vim+/GFAP+ cells. The scheme shows the transition between three populations during astrocyte differentiation. d, Pie charts for 
cell compositional analysis of three populations in different regions of the cerebellum. e, Pie charts for the proportion of the three populations of cells.  
f, Violin plot of cell-to-nearest vasculature distances. One-way ANOVA followed by Holm–Bonferroni’s post hoc tests were significant (n = 3,172, 543, 
6,625 and 2,629 cells from a single mouse, P < 0.0001). g, Histograms of cell-to-nearest vasculature distances of three populations of cells. Averaged 
distances (mean ± s.e.m.) are shown inside the graph. h, Network graph of correlations for different regions of the cerebellum. Centrality is color coded for 
each node. The node size is directly proportional to the number of edges connected to each node; scale bars, 100 μm.
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GABBR2 is a key inhibitory receptor for synaptic transmission52. Of 
note, the node TUBB3 exhibits a high centrality score only in the 
Purkinje layer in contrast to its low centrality scores in the other 
three layers. This distinct topology of TUBB3 suggests its special 
role for Purkinje cells. Indeed, TUBB3 was the only β-tubulin iso-
type expressed in Purkinje cells, with an essential role in axon guid-
ance and maintenance53,54. Taken together, mapping 3D spatially 
resolved correlation networks of proteins has gained insight into the 

organizational principles of complex tissues. Such analysis may be 
extended to identify potential molecular targets for diagnostic and 
therapeutic applications.

Discussion
High-content, large-context protein imaging is becoming increas-
ingly critical in life science. Toward this goal, extensive efforts have 
been devoted to developing multiplexed protein imaging in large 3D 
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biological systems. However, current protein-imaging methods are 
constrained by a general trade-off between the achievable content 
(that is, high multiplexing) and context (that is, thick samples). As 
we summarize in Fig. 1, all the existing multiplexed protein-imaging 
techniques are confined to shallow depths (<100 µm; that is, poor 
context), whereas protein imaging in thick tissues (>100 µm) cannot 
exceed approximately five colors (that is, poor content) and is limited 
by the fluorescent ‘color barrier’. Due to this content–context trade-off, 
highly multiplexed volumetric protein imaging remains challenging.

Different from these precedents, our approach is a one-shot 
optical method without the compromise between depth and mul-
tiplexity (Supplementary Table 4) by leveraging innovations in 
coherent Raman microscopy, probe chemistry and tissue engineer-
ing. Specifically, we exploited the coupling between tissue-clearing 
technology and epr-SRS microscopy, the most sensitive vibra-
tional imaging modality to date. After observing the interfering 
background from the tissue-clearing reagents with conventional 
Raman dyes, we reported new bioorthogonal vibrational probes 
for immuno-eprSRS, offering good detectability (comparable to 
standard immunofluorescence), fine spatial resolution, general 
sample compatibility and scalable multiplexity. In addition, after 
screening and studying common tissue-clearing methods for vol-
umetric immuno-eprSRS, we developed a MARS probe-tailored 
tissue-clearing method rDISCO. Combining these developments 
together, we have achieved one-shot multiplex (>10) protein imag-
ing within a single tissue of millimeter thickness. Systematic analyses 
of the images showcased the utility in extracting regional segmenta-
tion, spatial correlation, cellular composition, 3D distance and net-
work topology. Conclusively, our RADIANT approach of coupling 
one-shot epr-SRS microscopy of MARS probes with tailored tissue 
clearing circumvents practical complexity in cyclic methods and 
largely improves the throughput, thereby opening up a new terri-
tory for high-content, large-context protein imaging (Fig. 1).

Future optimizations of RADIANT reside along several fronts. 
First, penetration depth and staining uniformity of current passive 
antibody permeation are suboptimal and dependent on the speci-
men size and abundance of target proteins, preventing our demon-
stration going beyond 1-mm thickness. Recent innovations on rapid 
and uniform immunolabeling using facilitated transport13,55 are 
promising to extend the depth and greatly shorten the entire pipe-
line. Second, a relatively long pixel dwell time (60 µs) makes the net 
acquisition time of Fig. 6a about 4 h. Explorations on in situ signal 
amplification techniques56,57 are expected to substantially boost the 
imaging speed and throughput. Third, current multiplexity of 11 
channels is jointly limited by the availability of source species of sec-
ondary antibodies and resolvable Raman probes. Further increased 
plex (>20) can be foreseen through introducing functionalized 
polyyne-based Raman probes58 as well as systematic validation of 
a library of Raman probe-conjugated primary antibodies. Fourth, 
pursing RNA and DNA as the targeted molecules will presumably 
make RADIANT a spatial-resolved pan-omics tool.

Our high-content, large-context protein-imaging approach pro-
vides intrinsic advantages for molecular profiling in intact tissues 
as it is non-destructive, cycle free and registration free. Notably, a 
fully integrated multimodal SRS/fluorescence research microscope 
similar to the system in this work has already been commercialized 
(Supplementary Note 1), providing direct instrumental accessibil-
ity to biomedical researchers. Overall, we envision that RADIANT 
will be valuable for deciphering complex biological systems, such as 
building tissue atlases, phenotyping tumor microenvironments and 
profiling brain circuits.
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Methods
Protein–MARS probe conjugation. NHS ester-functionalized MARS probes were 
stored at a concentration of 10 mM in DMSO at −20 °C protected from light and 
moisture. To perform protein–dye conjugation, dye solutions were first diluted in 
DMSO to a concentration of 2 mg ml–1. Conjugation buffer was prepared as 0.1 M 
NaHCO3 in PBS buffer with the pH adjusted to 8.3. Highly cross-absorbed secondary 
antibodies were buffer exchanged and concentrated to 2 mg ml–1 in the conjugation 
buffer. A 50-μl dye–NHS solution was slowly added to a 0.5-ml secondary antibody 
solution with stirring. For primary antibody labeling, the protein concentration was 
adjusted to 1 mg ml–1, and the molar ratio of dye:protein was usually 10–15. Lectins 
were first dissolved in conjugation buffer at 2 mg ml–1. For WGA labeling, a 10-μl 
2 mg ml–1 dye–NHS solution was added to a 0.5-ml 2 mg ml–1 WGA solution. For 
LEL labeling, a 25-μl 2 mg ml–1 dye–NHS solution was added to a 0.5-ml 2 mg ml–1  
LEL solution. Reactions were all incubated at room temperature for 1 h with constant 
mild stirring. Labeled proteins were further separated from unreacted dyes by gel 
permeation chromatography using Sephadex G-25 (G25150, Sigma) resins with 
a column that was 1 cm in diameter and over 12 cm in length. Purified protein 
solution was centrifuged to remove potential precipitates and further concentrated 
with Amicon Ultra centrifugal filters (UFC501096, EMD, Millipore). A final 
concentration of ~2 mg ml–1 protein solution (for secondary antibodies and lectins) 
was prepared in stocking buffer (30% glycerol and 5 mM sodium azide in PBS) and 
stored at −20 °C. The degree of labeling (that is, dye-to-protein ratio) was measured 
by ultraviolet-visable (UV-Vis) spectrum using a Tecan Infinite 200 Reader with a 
NanoQuant Plate. The degree of labeling on secondary antibodies is about 3.

Cell culture. Human HeLa (ATCC, CCL-2) and COS-7 (ATCC, CRL-1651) cells 
were cultured in DMEM (Invitrogen, 11965) supplemented with 10% fetal bovine 
serum (FBS; Invitrogen, 10082) and 1× penicillin/streptomycin (Invitrogen, 
15140). Human MCF7 (ATCC, HTB-22) cells were cultured in EMEM (ATCC,  
30-2003) supplemented with 10% FBS and 1× penicillin/streptomycin.

Mouse sample preparation. Brain tissues. The animal experimental protocol 
(AC-AABD1552) was approved by the Institutional Animal Care and Use 
Committee (IACUC) at Columbia University. Wild-type male and female mice 
(C57BL/6, 15–25 d old, Jackson Laboratory) were fully anesthetized using 
isoflurane, killed with cervical displacement and immediately perfused with 4% 
paraformaldehyde (PFA) in PBS transcranially. The brain was extracted and fixed 
in 4% PFA in PBS at 4 °C for 24 h. After that, the brain was immersed in PBS at 
4 °C for 24 h to remove PFA. The cerebellum was embedded in 7% agarose gel and 
sectioned into 40-µm-, 100-µm-, 500-µm- and 1-mm-thick coronal slices using a 
vibratome (VT1000S, Leica). Agarose was removed by a tweezer before staining.

Pancreas tissues. All animal procedures were performed under protocols approved 
by the IACUC of Colorado Anschutz Medical campus (00024). Wild-type male 
and female mice (C57BL/6, 8–12 weeks old, Jackson Laboratory) were anesthetized 
by intraperitoneal injection of ketamine (80 mg kg–1) and xylazine (16 mg kg–1) 
until no longer reactive to toe pinch. Pancreata were dissected and mice were then 
killed by exsanguination and/or bilateral thoracotomy. Pancreata were fixed in PFA 
(4% in PBS) at 4 °C with rocking for 16–20 h, washed in 4 °C PBS to remove PFA 
and embedded in optimal cutting temperature (OCT) compound blocks. Sections 
(8 μm) were then taken for staining.

SRS and fluorescence integrated imaging platform. SRS and fluorescence 
imaging were performed on an inverted laser-scanning microscope (Olympus 
FV1200) using a ×25 water immersion objective lens (Olympus XLPlan N, 
1.05-NA, MP, working distance = 2 mm).

For SRS imaging, two synchronized 6-ps lasers (called pump and Stokes 
beams) with an 80-MHz repetition rate were provided by a picoEmerald system 
from Applied Physics & Electronic. The pump beam is tunable from 720–990 nm 
through both temperature control of the non-linear crystal and a Lyot filter. 
The Stokes beam was fixed at 1,064.2 nm. The intensity of the Stokes beam was 
modulated sinusoidally by a built-in EOM at 8 MHz with a modulation depth of 
more than 90%. Spatially and temporally overlapped pump and Stokes beams were 
coupled into the laser-scanning microscope. After passing through the specimens, 
forward-going pump and Stokes beams were collected with an infrared-coated 
oil condenser (1.4-NA, Olympus). Stokes beams were completely filtered with 
two high optical density bandpass filters (890/220 CARS, Chroma Technology), 
and transmitted pump beams were detected by a large-area (10 mm × 10 mm) 
Si photodiode (FDS1010, Thorlabs). The output current of the photodiode 
was then sent to a fast lock-in amplifier (HF2LI, Zurich Instruments) for 
signal demodulation. For immuno-eprSRS imaging, the laser power was set as 
Ppump = 17 mW and PStokes = 50 mW for C-cored MARS probes and as Ppump = 17 mW 
and PStokes = 67 mW for O-cored MARS probes. SRS images were generated through 
Kalman filtering of 10–30 serial frames with a pixel dwell time of 4 μs. The time 
constants of the lock-in amplifier were chosen as 2–4 μs. Pixel sizes were chosen as 
about 0.25–1 μm. For volumetric imaging, the step size in z was 5 μm.

For two-photon fluorescence, DAPI dye or Alexa Fluor 350 were excited by 
the SRS pump laser at 760 nm. The backward fluorescence was detected after 
passing through a 690-nm short-pass filter, reflected by a 570-nm long-pass 

dichroic mirror with a collection band of 410–490 nm. For confocal fluorescence, 
the green channel was excited by an argon laser (488 nm) with a collection band 
of 505–520 nm, the red channel was excited by an HeNe(G) laser (543 nm) with a 
collection band of 560–620 nm and the far-red channel was excited by an LD laser 
(635 nm) with a collection band of 655–755 nm. A multichannel photomultiplier 
tube (PMT) was used for fluorescence detection. Pixel sizes were chosen as about 
0.25–1 μm, and pixel dwell times were set as 2–4 μs.

Immuno-eprSRS staining on thin tissue sections. For PFA-fixed mouse 
cerebellum thin sections, 40-μm-thick sections from P15–P40 young mice were 
used. The staining was performed on the floating tissues in a four-well plate. 
Samples were permeabilized and blocked with blocking buffer (5% donkey serum, 
0.5% Triton X-100 in PBS) at room temperature for 30 min. After blocking, 
samples were incubated with primary antibody (typical dilution, 1:100) in staining 
buffer (2% donkey serum, 0.5% Triton X-100 in PBS) at 4 °C for 1–2 d, followed by 
washing at room temperature for 5–10 min in PBS with 0.5% Triton X-100 (0.5% 
PBST) three times. Samples were then blocked in blocking buffer for 30 min and 
incubated with MARS-conjugated secondary antibody (typical dilution, 1:100) in 
staining buffer at 4 °C for 1–2 d. After staining, the samples were washed at room 
temperature for 5–10 min in 0.5% PBST three times.

Frozen mouse pancreatic tissue slides were stored at −80 °C. Specimens were 
first equilibrated to room temperature and held in PBS buffer before staining. The 
staining processes were performed on slides with a similar protocol as described 
above for PFA tissues with the following changes. A Triton X-100 concentration 
of 0.3% was used for blocking buffer, staining buffer and sample washing. The 
incubation time for both primary and secondary antibodies was 18 h.

The FFPE human kidney slice used in this study was purchased from Biomax 
(HuFPT072). FFPE tissue slides were first baked at 60 °C for 10 min. Samples 
were sequentially placed in the following solutions (in a 50-ml Falcon tube) for 
3 min each time at room temperature with mild shaking for deparaffinization and 
rehydration: (1) xylene two times, (2) ethanol two times, (3) 95% (vol/vol) ethanol 
in deionized water two times, (4) 70% (vol/vol) ethanol in deionized water two 
times, (5) 50% (vol/vol) ethanol in deionized water one time and (6) deionized 
water one time. For antigen retrieval, the specimen was first transferred into a glass 
jar filled with 20 mM sodium citrate (pH 8.0) at 100 °C, followed by a quick transfer 
of the jar to a 60 °C incubation chamber for 45 min. After that, the specimen 
was washed at room temperature with deionized water for 5 min. The staining 
processes followed the same protocol as the frozen tissues.

For imaging specimen preparation, PFA-fixed tissue sections were transferred to 
Superfrost glass slides, and all specimens were mounted in ProLong Gold antifade 
(ThermoFisher, P10144) with a glass coverslip and secured with nail polish.

Twelve-target mouse cerebellum imaging. Staining. See Fig. 2g and Extended 
Data Fig. 5c,d. The staining processes followed the sample protocol as PFA-fixed 
thin tissue sections above with three rounds of antibody incubation. The following 
antibodies were used in the first round: anti-NeuN (rabbit, dilution 1:50), 
anti-β-III-tubulin (chicken, dilution 1:50), anti-calbindin (mouse, dilution 1:40), 
anti-GABBR2 (guinea pig, dilution 1:40), anti-MBP (rat, dilution 1:20), anti-GFAP 
(goat, dilution 1:50) and MARS2242-conjugated WGA (1:50). The following 
antibodies were used in the second round: MARS2228-conjugated donkey anti-rabbit 
IgG, MARS2220-conjugated donkey anti-chicken IgY, MARS2145-conjugated 
donkey anti-mouse IgG, MARS2212-conjugated donkey anti-guinea pig IgG, 
MARS2188-conjugated donkey anti-rat IgG and MARS2159-conjugated donkey 
anti-goat IgG with a dilution of 1:50. The following antibodies were used for the third 
round: Alexa Fluor 596-conjugated anti-TH (mouse, dilution 1:50), Alexa Fluor 
488-conjugated anti-VGluT1 (mouse, dilution 1:50) and MARS2176-conjugated 
anti-α-tubulin (mouse, 0.5 mg ml–1, dilution 1:40). Between the second and third 
rounds of antibody incubation, samples were further blocked in 5% normal mouse 
serum and 0.5% Triton X-100 in PBS at room temperature for 1 h. The specimens 
were further stained with NucBlue and Phalloidin-Alexa Fluor 647 and embedded in 
ProLong Gold antifade medium for imaging.

Spectral unmixing. A linear combination algorithm was applied on multiplexed 
epr-SRS data to remove potential cross-talk between different channels16. For 
N-channel epr-SRS measurement with N MARS probes (N = 8 here), measured 
signals (S) can be expressed as S = MC, where C is the MARS probe concentrations, 
and M is an N × N matrix determined by Raman cross sections of MARS probes. 
Matrix M was measured experimentally on single-color immuno-eprSRS labeled 
with different MARS probes. MARS probe concentrations were therefore 
determined using C = M−1S.

Clearing method screening for immuno-eprSRS on MARS probes. Staining. 
Samples were first washed with 0.2% PBST at room temperature on a shaking 
platform for 1 h twice followed by incubation in 20% DMSO and 0.2% Triton 
X-100 in PBS at 37 °C on a shaking platform overnight. The tissues were incubated 
in 0.1% Tween-20, 0.1% Triton X-100, 0.1% deoxycholate, 0.1% NP-40 and 
20% DMSO in PBS at 37 °C on a shaking platform overnight. The tissues were 
washed with 0.2% PBST at room temperature on a shaking platform for 1 h twice. 
The tissues were permeabilized with 0.5% PBST at 37 °C on a shaking platform 
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overnight and then permeabilized and blocked with blocking buffer (5% donkey 
serum, 0.5% Triton X-100 in PBS) at 37 °C on a shaking platform for 3 d. The 
tissues were incubated with anti-MBP antibody (rat, dilution 1:20) or anti-GFAP 
antibody (goat, dilution 1:40) diluted in staining buffer (2% donkey serum, 0.5% 
Triton X-100 in PBS) at 37 °C on a shaking platform for 2 d and then washed with 
0.5% PBST at 37 °C on a shaking platform for 1 d (the solution was changed several 
times in between). The tissues were then incubated with MARS2200-conjugated 
donkey anti-rat IgG antibody (dilution 1:50), MARS2228-conjugated donkey 
anti-goat IgG antibody (dilution 1:40) or MARS2159-conjugated donkey anti-goat 
IgG antibody (dilution 1:40) diluted in staining buffer at 37 °C on a shaking 
platform for 2 d. The tissues were washed with 0.5% PBST at 37 °C on a shaking 
platform for 3 h. The tissues were then incubated in PBS at 4 °C overnight. After 
that, the tissues were cleared with published tissue-clearing methods, including 
ScaleS23, FOCM24, Ce3D25, 3DISCO26 and uDISCO27 as previously described, or 
with different tissue-clearing conditions explored in this work. The cleared tissues 
were mounted on glass slides in a pool created by dental cement and filled with the 
corresponding RIMs and covered with a glass coverslip for SRS imaging.

Quantification. The SNRs of the raw images were quantified as the main criterion 
to evaluate different tissue-clearing methods. Specifically, the SNR was calculated 
as (intensity of the labeled structure per cell – intensity of the background)/s.d. 
of the background. The background was measured from the same tissue where 
no stained pattern appears under the same imaging condition. Thus, the noise 
is composed of both instrumental noise and sample noise. The SNRs of multiple 
regions of interest were quantified and presented as mean ± s.d. ROIs were 
manually selected with correct localization pattern and from a similar depth.

rDISCO clearing procedure. The immuno-labeled tissues were first dehydrated 
in a tert-butanol/deionized water series as 30% (vol/vol), 50% (vol/vol), 70% (vol/
vol), 80% (vol/vol) and 90% (vol/vol) tert-butanol for 2 h each at room temperature 
on a rotator. The tissues were then incubated in 96% (vol/vol) tert-butanol in water 
at room temperature on a rotator overnight. The tissues were incubated in pure 
tert-butanol at room temperature on a rotator for 2 h. The tissues were incubated 
in the RIMS, which was prepared by mixing BABB (BA and BB were mixed at a 
ratio of 1:2 and purified by column chromatography using aluminum oxide) with 
diphenyl ether at a ratio of 4:1 and adding 1% propyl gallate (wt/vol) at 4 °C for 2 h. 
The tissues were then mounted in the same RIMS for SRS imaging.

Preprocessing and staining of thick tissue sections. Sample preprocessing. The 
preprocessing protocol was adapted from the sample pretreatment procedures in 
iDISCO12. For initial processing, tissue samples were washed with 0.2% PBST at 
room temperature on a shaking platform for 1 h twice and then incubated in 20% 
DMSO in 0.2% PBST at 37 °C on a shaking platform overnight. The tissues were 
then incubated in 0.1% Tween-20, 0.1% Triton X-100, 0.1% deoxycholate, 0.1% 
NP-40 and 20% DMSO in PBS at 37 °C on a shaking platform overnight. Tissues 
were washed with 0.2% PBST at room temperature on a shaking platform for 
1 h twice and then further permeabilized with 0.5% PBST at 37 °C on a shaking 
platform overnight followed by blocking/permeabilization with 5% donkey serum 
in 0.5% PBST at 37 °C on a shaking platform for 6 d (the solution was changed once 
after 3 d). After this, the tissue slices were ready for immunostaining.

Thick sample staining. The staining processes followed similar procedures as thin 
tissue with varied time and probe concentrations. Detailed descriptions can be 
found in the Supplementary Methods.

Three-dimensional reconstruction. Raw volumetric data were unmixed into 
specific channels using the linear combination algorithm as mentioned above. 
A median filter was applied to the unmixed images for noise reduction. A Fiji 
plugin59 was then applied to the images for attenuation correction. The open radius 
was set to 0.5. After correction, the images were volume rendered in the mode of 
maximal intensity projection using Imaris (Bitplane).

Three-dimensional segmentation and quantitative analyses. Raw volumetric 
data went through linear unmixing, noise reduction with a median filter and 
attenuation correction as mentioned above. Based on the channels of MBP, NeuN 
and GABBR2, the image was segmented manually using the ‘Contour’ tool in Imaris 
into four anatomical layers: white matter, the granular layer, the Purkinje layer 
and the molecular layer. Segmentation results were exported from Imaris as four 
binary masks. After the image was median filtered using a radius of 2 pixels and 
thresholded with Otsu’s method, Pearson correlation coefficients were calculated 
between specific protein channels in the four layers and presented as heat maps 
using custom-written MATLAB (MathWorks) scripts. As the MBP channel had no 
signals in the Purkinje layer and the molecular layer after thresholding, correlation 
analysis was performed with the rest of the ten channels without the MBP channel 
for these two layers (Fig. 6b). Vimentin+ and GFAP+ cells were segmented using 
Imaris. The GFAP+ cells that did not touch vimentin+ cells were defined as Vim–/
GFAP+ cells. The vimentin+ cells that did not touch GFAP+ cells were defined as 
Vim+/GFAP– cells. The GFAP+ cells that touched vimentin+ cells and the vimentin+ 
cells that touched GFAP+ cells were merged into one channel and segmented as 

Vim+/GFAP+ cells. The proportions of Vim–/GFAP+, Vim+/GFAP– and Vim+/GFAP+ 
cells in the four layers were quantified using the shortest distances to the segmented 
four layers (a negative shortest distance meant the cell was inside the layer). Cells 
that spanned multiple layers were excluded from this analysis). Blood vessels were 
segmented from the LEL channel using Imaris. Shortest distances from Vim–/
GFAP+, Vim+/GFAP– and Vim+/GFAP+ cells to the blood vessels were quantified 
using Imaris. Correlation-based network graphs were plotted in the four layers using 
custom-written MATLAB (MathWorks) scripts. Specifically, the ‘graph’ function 
in MATLAB was used with Pearson correlation coefficients as the input. Self-loops 
and negative correlation coefficients were discarded. Closeness node centrality was 
calculated with the ‘centrality’ function and color coded in each node. The node size 
was set to be directly proportional to the degree of each node. Network diameters 
were calculated with the ‘distances’ function. Average clustering coefficients were 
calculated with the ‘clusteringcoef ’ function in the Graph package60.

Statistics and reproducibility. Statistical analysis was performed using GraphPad 
Prism 7 and OriginPro 8. Data are presented as mean ± s.d. or mean ± s.e.m. with 
statistical significance if required (not significant P ≥ 0.05, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001). In Fig. 5i, P = 3.0 × 10−5, 9.3 × 10−5, 1.4 × 10−3, 
8.4 × 10−4, 4.6 × 10−4, 2.7 × 10−4, 1.3 × 10−4, 7.7 × 10−5, 3.8 × 10−5, 1.1 × 10−4, 3.5 × 10−4, 
4.9 × 10−7, 1.8 × 10−3, 2.1 × 10−4, 1.2 × 10−3, 2.8 × 10−3, 3.8 × 10−4 and 7.6 × 10−4. In 
Fig. 6f, P = 8.2 × 10−87 for Vim−/GFAP+ and Vim+/GFAP+, 2.2 × 10−55 for Vim−/
GFAP+ and Vim+/GFAP− and 1.6 × 10−24 for Vim+/GFAP+ and Vim+/GFAP−. 
Other exact P values are in the figure legends. In Figs. 5b,e and 6f, P values were 
calculated from multiple comparisons tests with one-way ANOVA followed by 
Holm–Bonferroni’s post hoc test on comparing the mean of each column with the 
mean of every other column. In box plots (Fig. 5j), the center indicates the median, 
the bottom and top edges of the box indicate the 25th and 75th percentiles, 
respectively, and the whiskers extend to the minimum and maximum data points. 
All values of n are provided in the figure legends. Statistical source data for Figs. 3, 
5 and 6 are provided in the Source Data. Experiments in Fig. 2c,d,e,g and Extended 
Data Figs. 1–5 were repeated three to five times independently with similar results. 
Experiments in Figs. 4a,c and 5f and Extended Data Fig. 8 were repeated three 
times technically on two tissue blocks with similar results.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data that support the findings of this study are available from the corresponding 
author upon reasonable request. Source data are provided with this paper.

code availability
The code used to analyze the data is available from the corresponding author upon 
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Extended Data Fig. 1 | testing spectral compatibility between Raman-active dyes and tissue clearing methods. a, b, Fluorescence (a) and epr-SRS 
imaging at 1604 cm−1 (b) of Mitotracker deep red FM (Invitrogen M22426)-stained fixed HeLa cells imaged in different RIMS. c, epr-SRS imaging at 
1642 cm−1 of ATTO 740 stained GFAP on PFA-fixed mouse brain tissue inside different RIMS. d, Raman spectra of PBS and RIMS only at 1500–1700 cm−1 
(spectral window for vibrational peaks of most commercial dyes). Some spectra were amplified by certain folds (number inside) to plot them under a 
same scale. e, epr-SRS imaging at 2147 cm−1 of MARS2147 stained GFAP on PFA-fixed mouse brain tissue inside different RIMS. f, Full Raman spectra of 
tissue clearing reagents. The pink area indicates the interested spectral window (2000–2400 cm−1), in which the nitrile-bond reporters in MARS probes 
vibrate. Spectra in (d) and (f) were measured with spontaneous Raman spectroscopy. Scale bars, 40 μm.
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Extended Data Fig. 2 | Demonstration of fine resolution of immuno-eprSRS imaging. α-tubulin in COS7 cells were stained with commercial dye ATTO 
740 (a-b) and MARS2228 (c-d). b, d, Magnified regions outlined by the green box in (a, c), respectively. Below, epr-SRS signal along the white dotted line 
cut in the magnified images; curves were drawn with a spline fit. Scale bars, 20 μm in (a, c); 5 μm in (b, d).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | immuno-eprSRS imaging with MARS probes in tissue samples. a, Multiple protein targets are compatible with immuno-eprSRS 
with C-cored MARS probes (in blue) and O-cored MARS probes (in red). Targeted proteins were stained on PFA-fixed mouse brain or cerebellum sections 
(40-μm thick) with indirect immunostaining. b, Mosaic imaging with motorized sample stage. NeuN, neuronal nuclei; TUBB3, β-III-tubulin; CB, calbindin; 
GABBR2, GABA B receptor 2; PSD95, postsynaptic density protein 95; MAP2, microtubule associated protein 2; GFAP, glial fibrillary acidic protein; MBP, 
myelin basic protein. c, Direct immunostaining with MARS-probe conjugated primary antibodies. d, MARS probe-conjugated lectin staining on PFA-fixed 
cerebellum tissue sections. WGA, wheat germ agglutinin; LEL, Lycopersicon Esculentum lectin. More antibody information is in Supplementary Table 3. Scale 
bars, 50 μm in (a) and (c-d); 200 μm in (b).
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Extended Data Fig. 4 | Quantitative comparison of the signal-to-noise ratios of immuno-eprSRS with standard immunofluorescence. a, Immunostained 
GFAP in 40-µm thick mouse brain tissue. b, Immunostained NeuN in 40-µm thick mouse brain tissue. Each data point of the signal was calculated as the 
averaged fluorescence/epr-SRS signal of individual nucleus for NeuN or individual astrocytes for GFAP; the noise was measured as the s.d. from tissue 
areas without stained structures. Pixel dwell time is 2 µs for fluorescence and 80 µs for epr-SRS. Scale bars, 50 μm.
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Extended Data Fig. 5 | Simultaneous twelve-target imaging in mouse cerebellum thin sections. a, Two-color imaging tests on fixed cells (nucleus 
protein H2B labeled by O-cored MARS and cytoskeleton protein β-tubulin labeled by C-cored dyes). No obvious cross-talk between two channels was 
observed. (left) β-tubulin (labeled by MARS2176) and H2B (labeled by MARS2188). (right) β-tubulin (labeled by MARS2176) and H2B (labeled by 
MARS2242). b, A workflow of multiplexed labeling (also see methods). c, d, Simultaneous twelve-target protein imaging on cerebellum tissue sections 
from (c) postnatal 25 days (P25) and (d) postnatal 15 days (P15) mice. Fluorescence: DAPI (total DNA), vesicular glutamate transporter 1 (VGluT1-Alexa 
Fluor 488, Glutamatergic neurons, direct immunolabeling), tyrosine hydroxylase (TH-Alexa Fluor 594, Dopaminergic neurons, direct immunolabeling), 
actin (Phalloidin-Alexa Fluor 647); epr-SRS: neuronal nuclei (NeuN, neurons, MARS2228), α-tubulin-MARS2176 (direct immunolabeling), calbindin (CB, 
Purkinje neurons, MARS2145), β-III-tubulin (TUBB3, neurons, MARS2200), wheat germ agglutinin (WGA-MARS2242), GABA B receptor 2 (GABBR2, 
GABAergic neurons, MARS2212), myelin basic protein (MBP; oligodendrocytes, MARS2188), glial fibrillary acidic protein (GFAP, astrocytes and neural 
stem cells, MARS2159). Scale bars, 20 μm in (a); 50 μm in (c-d).
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Extended Data Fig. 6 | Sectioning capability and axial resolution of immuno-eprSRS imaging. a, Volume-rendered image; b, Orthogonal views; c, 
Zoomed-in volume-rendered image of (a); d, Optically zoomed-in volume-rendered image of MARS2159 stained GFAP in 100-μm thick mouse brain 
tissue. The inset yellow box in (c) represents the position of the enlarged region. Step size of z is 2 μm in (a-c) and is 1 μm in (d). Scale bars, 30 μm in (a); 
40 μm in (b); 10 μm in (c); 20 μm in (d).
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Extended Data Fig. 7 | tests on immuno-eprSRS for volumetric imaging. a, Photos of 1-mm thick brain slices without clearing (uncleared), cleared by 8 M 
urea and 0.2% Triton for 2 days and cleared by uDISCO. Scale bar, 2 mm. b, Normalized absorption spectra of MARS probes in RI matching solutions in 
BABB, 3DISCO (DBE) and uDISCO (BABB-D4). A bluer absorption peak appears in DBE, but not in BABB and BABB-D4.
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Extended Data Fig. 8 | Volumetric immuno-eprSRS imaging on 500-μm-thick mouse cerebellum sections with uDiSco clearing. a, Volume-rendered 
image of GFAP (astrocytes) labeled with O-cored MARS2159 in 500-μm thick cerebellum sections cleared by uDISCO. b, Volume-rendered image 
of NeuN (neuronal nucleus) labeled with C-cored MARS2228 in 500-μm thick cerebellum sections cleared by uDISCO. Enlarged images of Fig. 4a. 
Single-plane images show good epr-SRS contrast along the whole depth for both samples. Scale bars, 100 μm.
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Extended Data Fig. 9 | improvement of rDiSco over uDiSco on volumetric immuno-eprSRS imaging. a, Volume-rendered images of GFAP (astrocytes, 
labeled with MARS2228) and MBP (oligodendrocytes, labeled with Alexa Fluor 488) in 1-mm thick cerebellum sections cleared by uDISCO. Two-color 
merged single-plane images also show good epr-SRS and fluorescence contrast along the whole depth. Scale bars, 100 μm. b, SRS signal-to-noise ratio 
improvement of rDISCO over uDISCO at different depths.
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Extended Data Fig. 10 | Quantitative 3D analyses on multiplexed volumetric images. a, Segmentation of four anatomical layers as white matter, the 
granular layer, the Purkinje layer and the molecular layer. Scale bar, 100 μm. b, Correlation heatmaps between randomized images. (up) Color bar plotted 
in the range of [−1 1]. (down) Color bar plotted in the range of [−0.02 0.02]. c, Compositional percentages of Vim+/GFAP–, Vim–/GFAP+ and Vim+/GFAP+ 
cells for four layers.
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