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Abstract

The study of whole organs or tissues and their cellular components and structures has been historically limited by their
natural opacity, which is caused by the optical heterogeneity of the tissue components that scatter light as it traverses through
the tissue, making 3D tissue imaging highly challenging. In recent years, tissue clearing techniques have received
widespread attention and undergone rapid development. We recently demonstrated the synthesis of a 2-hydroxyethyl
methacrylate (HEMA)-acrylamide (AAm) copolymer. This was achieved using antipyrine (ATP) and 2,2'-thiodiethanol
(TDE) as solvents. The resulting solution rapidly embedded tissue samples with a high degree of transparency and is
compatible with multiple fluorescence labeling techniques. The method exhibits significant transparency effects across a
range of organs, comprising the heart, liver, spleen, lung, kidney, brain (whole and sectioned), esophagus, and small intestine.
It can enable volumetric imaging of tissue up to the scale of mouse organs, decrease the duration of the clearing, and preserve
emission from fluorescent proteins and dyes. To facilitate the use of this powerful tool, we have provided here a detailed
step-by-step protocol that should allow any laboratory to use tissue transparency technology to achieve transparency of
tissues and organs.

Key features

e  The method is primarily used for optical tissue clearing.
e  The method employs a HEMA-AAm copolymer for optical tissue clearing.
e  This method enables both 2D and 3D fluorescence imaging.
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Background

There is a growing demand in the biological field for 3D volume imaging deep in biological tissues [1], but the optical
heterogeneity of the tissue components results in opacity, which causes scattering of light as it penetrates the tissue [2] and
makes 3D deep tissue imaging highly challenging [3]. A simple way to bypass tissue opacity is to section the thick tissue
into several thin slices. Conventional tissue sectioning, however, is a laborious and time-intensive procedure and often
causes tissue deformation during section preparation. Tissue-clearing techniques and high-resolution volumetric imaging by
fluorescence microscopy [4,5] with appropriate fluorescent labeling can provide comprehensive cell information, such as
cell type, shape, state, and distribution of cells of interest throughout an organ [6-10]. In particular, tissue-clearing
techniques combined with fluorescence microscopy are a powerful tool to quantify rare cells such as stem cells, metastatic
cells, or activated neurons in a whole organ for biological research and pathological diagnosis [11]. Hydrogel-based tissue
clearing methods (e.g., CLARITY [12,13], PACT [14,15], SHIELD [16], SWITCH [17]) stand out for their stability and
compatibility with bio-molecular staining. The intact biological tissues are replaced by a hydrogel polymerization
framework, where the proteins, nucleic acids, and other macro-biomolecules are immobilized at their native physiological
positions, while the lipid components remain unbound and are able to be eluted [18,19]. The decrease of the lipid barrier
increases the penetrability of light and antibodies, allowing the direct stereo imaging of structural and molecular phenotyping
of samples. In addition, the firm and stable hydrogel environment limits the diffusional contact between the indicator dye
and reactive species, thereby improving shelf life and photochemical stability of the fluorescently labeled specimens, which
is particularly important in high-resolution 3D imaging [20]. Enormous efforts have been made to fabricate hydrogels with
enhanced mechanical properties by using hybrid hydrogels [21,22] or nano-composite hydrogels or by designing distinctive
structures such as an interpenetrating network and dual-crosslinking network. By adjusting the hydrogel’s composition, the
chemical environment of the tissue-hydrogel complex can be engineered to create a favorable condition for tissue clearing
[23].

The 2-hydroxyethyl methacrylate-acrylamide (HEMA-Aam) method significantly outperformed most hydrogel-based
clearing techniques, particularly in terms of clearing speed, tissue transparency, and size preservation. This approach
effectively preserves tissue morphology and is compatible with fluorescence labeling, making it optimal for high-resolution
imaging and long-term studies. The HEMA-AAm method achieved a high level of transparency in centimeter-scale mouse
kidneys within four days. In comparison, the PACT method achieved similar transparency in approximately six days, while
the TESOS method required several weeks. However, the TESOS method, despite offering relatively good transparency,
exhibited high toxicity and caused severe fluorescence quenching. The PACT method displayed the poorest overall
performance and lacked practical utility. During the process, we observed an increase in kidney tissue size from 100% (PBS)
to 110% + 2%, indicating negligible tissue expansion to maintain the size of the samples caused by the immersion and
embedding processes. In contrast, the TESOS and PACT methods induced significant expansion or contraction of the
samples. This transparent and hydrogel condition provides a friendly tissue and cellular environment to facilitate high-
resolution 3D imaging, preservation, transfer, and sharing among laboratories to investigate the morphologies of interest in
experimental and clinical conditions. Here, we offer a comprehensive and progressive process to facilitate the transparent
handling of tissues and organs. We also describe how to handle tissue samples, including the preparation of
immunofluorescence staining and the preparation of hydrogels.

Materials and reagents

Biological materials

1. 8—12-week-old wild-type C57BL/6 mice (Guangdong Laboratory Animal Monitoring Institute)
2. Enhanced green fluorescent protein (EGFP) transgenic mice (Jiangsu Huachuang Xinnuo Medical Technology Co, Ltd.)

Reagents
1. Antipyrine (ATP) (Shanghai Macklin Biochemical Co, Ltd, catalog number: 60-80-0)

2. Acrylamide (AAm) (Shanghai Macklin Biochemical Co, Ltd, catalog number: 79-06-1)
3. Poly(ethylene glycol) diacrylate (PEGDA) (Shanghai Macklin Biochemical Co, Ltd, catalog number: 25736-86-1)
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4. 2,2'-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044) (Shanghai Macklin Biochemical Co, Ltd, catalog
number: 27776-21-2)

5. Thiodiglycol (TDE) (Kryptonite Ltd, catalog number: CD101467)

6. 2-Hydroxyethyl methacrylate (2-HEMA) (Aladdin, catalog number: 868-77-9)

7. 4% paraformaldehyde (PFA) (Leagene, catalog number: DF0135)

8. 0.02% sodium azide (Aladdin, catalog number: 26628-22-8)

9. 2% Triton X-100 (Aladdin, catalog number: 9036-19-5)

10. CD31 antibody [Signalway Antibody (SAB), RRID: AB_852501]

11. Perilipin A Rabbit mAb [Signalway Antibody (SAB), RRID: AB_2863342]

12. Goat anti-rabbit 1gG secondary antibody AF488 conjugated (Jackson ImmunoResearch, RRID: AB_3246434)

13. Lectin (Vector Labs, RRID: AB_2314736)

14. DAPI (Sigma-Aldrich, RRID: AB 2869624)

15. PBS (Servicebio, catalog number: G0002)

16. Isoflurane (Nanjing Aibei Biotechnology Co, Ltd, catalog number: 2409A)

17. Primary antibody dilution buffer, QuickBlock™ immunostaining primary antibody dilution buffer (Beyotime, catalog
number: P0262)

18. Secondary antibody dilution buffer, QuickBlock™ immunostaining secondary antibody dilution buffer (Beyotime,
catalog number: P0265)

19. Blocking buffer, QuickBlock™ immunostaining blocking buffer (Beyotime, catalog number: P0260)

Solutions

1. Tissue clearing solution (see Recipes)
2. Monomer solution (see Recipes)

3. Prepolymer solution (see Recipes)
4.0.01 M PBS (see Recipes)

Recipes

1. Tissue clearing solution

Reagent Final concentration Quantity or Volume
ATP 348 g/L 1.8823 g

TDE 450 g/L 2.062 mL

Distilled water 216 g/L 1.0815 mL

Total 998 g/L ~5.4 mL

2. Monomer solution

Reagent Final concentration Quantity or volume
AAm - 03g

2-HEMA 0.1 mL 1.82 mL

PEGDA 0.1 mL 0.155mL

Total - -

Critical: 2-HEMA and PEGDA solutions are first mixed together, and then 1 mL of the mixture is taken and added to the

subsequent prepolymer solution.

3. Prepolymer solution

Reagent

Final concentration

Quantity or volume

Monomer solution
Tissue clearing solution
Total

404.9 g/L
1,062 g/L
1,466.9 g/L

03g+0.1mL
0.9 mL
~1.0 mL

Critical: Following preparation of the prepolymer solution, a 1 mL aliquot is mixed with 15 pL of VA-044 to induce gel
formation through polymerization.
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4.0.01 M PBS
Reagent Final concentration Quantity or volume
PBS powder 0.01M One sachet (commercially provided)
Distilled water - 2L
Total - 2L

Note: The PBS solution was prepared by dissolving commercially obtained PBS powder in 2 L of deionized water.
Laboratory supplies

. 1,000 pL pipette tips (BioSharp, catalog number: 2482403 1E)

. 1,000 pL pipette (Thermo Fisher, catalog number: MZ11332)

. 100 pL pipette tips (BioSharp, catalog number: 21223639E)

. 100 pL pipette (Thermo Fisher, catalog number: QZ55048)

. 20 pL pipette (Thermo Fisher, catalog number: TO19723)

. 24 x 24 mm standard-grade microscope coverslips (Citotest, catalog number: 10212424C)
.7 %7 x5 mm embedding cassette base mold (Citotest, catalog number: 80203-0006)
. 15 mL centrifuge tube (BioSharp, catalog number: 30324124E)

. 50 mL centrifuge tube (BioSharp, catalog number: 35224125E)

10. 5.0 mL microcentrifuge tube (BioSharp, catalog number: 23029335A)

11. 2.0 mL microcentrifuge tube (BioSharp, catalog number: 241211)

12. Adhesive (Pattex, catalog number: 24032809)

13. Pasteur pipette (Kangpeite, catalog number: 20240136)

14. 30 mL sterile syringe (Hongda, catalog number: 20193141735)

15. 1 mL sterile syringe (Hongda, catalog number: 20193141735)

16. Disposable intravenous infusion needle (Hongda, catalog number: 20173144093)
17. Cryostat [Dakewe (Shenzhen) Medical Equipment Co., Ltd., model CT520]
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Equipment

1. Light-sheet fluorescence microscope (Nuohai, model: LS18)

2. Digital ultrasonic cleaner (Kangshijie, model: PL-S40T)

3. Air-bath thermostatic shaker (Jinyi, model: THZ-82B, serial number: XMTD-702)

4. Confocal microscope (Olympus, model: IXplore spinSR)

5. Horizontal rotator (Taizhou Nuomi Medical Technology Co, Ltd, model: NMYC-100)

6. Automatic refractometer (Shanghai Yimai Instrument Technology Co, Ltd, model: IR140)
7. Cryostat stage (MEDITE Medical, Leica CM1950)

Software and datasets

The data in the figure and legend of the manuscript are presented as mean + standard deviation (x =+ s). Statistical analysis
was conducted using t-tests or one-way analysis of variance (ANOVA) as appropriate. Statistical analyses were performed
using ImageJ, GraphPad Prism and origin, 3D reconstruction was performed using AIVIA (version 14, Manufacturer
Information:Leica Microsystems (Shanghai) Trading Co., Ltd.). All data and analysis needed for the development and
characterization of this protocol are available in the main text or Supplemental Information of Qin et al. [24].
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Procedure

A. Animal tissue sample preparation

Notes:

1. Harvested tissues were fixed in 4% PFA at 4 °C.

2. The vasculature was labeled via cardiac perfusion using DyLight 594-conjugated Lycopersicon esculentum (Tomato)
lectin (LEL-DyLight 594, Vector Laboratories).

1. Mice were fasted for a period of 24 h prior to tissue collection to minimize interference from food residues in subsequent
experiments. Lectin was diluted with PBS at a ratio of 1:1,000, yielding a total volume of 15 mL. To facilitate cardiac
perfusion, the mouse was initially anesthetized using an appropriate dose of isoflurane. An abdominal incision was then
made to expose the heart, followed by a small incision at the upper left corner of the heart to drain the blood. The anesthetized
mouse was subsequently perfused with 0.01 M PBS at a rate of 1-2 mL/min. This was succeeded by perfusion with 10—15
mL of the lectin solution, maintaining the same rate. The mouse was ultimately fixed by perfusion with 4% PFA.

Note: The perfusion speed should not be too fast when using PBS or PFA.

2. Dissect out the mouse and tissues (including but not limited to the heart, liver, spleen, lung, kidney, brain, esophagus, and
small intestine). Immerse them in PBS solution. After tissue collection is completed, place the harvested tissues in 4% PFA
for overnight fixation at 4 °C.

Note: Tissues must be fixed in 4% PFA for at least 12 h.

3. Store the tissues in PBS containing 0.02% sodium azide at 4 °C for further processing.

B. Immunostaining

Notes:
1. Keep the labeled antibodies in the dark.
2. Rinse the samples thoroughly with PBS every time when switching antibodies.

1. After retrieving the target tissues from the 4 °C refrigerator, rinse them three times with 5 mL of PBS on a shaker at 37 °C
and 50 rpm, allowing at least 1 h per wash.

2. Incubate the tissues in 2% Triton X-100 solution at 37 °C for 24 h, followed by overnight blocking with blocking buffer
at 37 °C.

3. Rinse the tissues three times with PBS (minimum 1 h per wash), then prepare the primary antibody at the desired
concentration (1:50) using antibody diluent, and incubate at 37 °C with 50 rpm shaking for 48 h. Dilute the secondary
antibody 1:100 in antibody diluent and apply it to samples at 37 °C with 50 rpm agitation for 24 h. After incubation, remove
excess antibody by three PBS washes (>1 h each) under the same conditions.

4. Perform nuclear staining by incubating with DAPI at 37 °C for 12 h.

Note: When the research involves intact and un-sectioned mouse organs (such as whole brain, kidney, and small intestine),
which are quite thick, a prolonged incubation time is necessary to allow enough time for DAPI to adequately penetrate and
diffuse to the nuclei of cells located deep within the tissue. In contrast, a short incubation time is sufficient for sectioned
tissues. The specific incubation time can be adjusted according to the actual experimental conditions, and a 12-h DAPI
incubation time was used in this study, ensuring the optimal DAPI staining signal was obtained.

5. Following antibody/dye labeling, wash tissues three times in PBS (1 h each) before tissue clearing processing.

Note: Repeat the aforementioned steps sequentially for any additional antibody staining.

C. HEMA-AAm copolymer production

Notes:

1. The thiodiglycol used in this copolymer synthesis is now prohibited for domestic purchase in China, though it remains
available internationally. Our laboratory's stock was acquired prior to the implementation of these restrictions.

2. Due to thiodiglycol's volatile and irritating nature, all experiments were performed in a certified chemical fume hood.

3. Maintain experimental humidity below 60% RH.

4. Gel formation was carried out at 37-50 °C for 6-36 h under controlled conditions.
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5. Optimal results were obtained with the antipyrine-thiodiglycol solution at water concentrations between 20% and 25%
(w/w).

6. The tissue optical clearing solution was prepared using the mixed solution at 20%—-25% water content, while the
prepolymerization solution for subsequent reactions contained precisely 20% water.

1. Synthesize HEMA-AAm copolymer via free radical polymerization. Prepare tissue optical clearing solution following
Recipe 1 (e.g., 1.88 g ATP + 2.06 mL TDE + 1.08 mL H:0), followed by heating at 40 °C for 4 h with agitation.

2. The copolymerization system consists of AAm and HEMA as co-monomers, with PEGDA (Mn = 700) as the crosslinking
agent and VA-044 as the thermal initiator.

3. Thoroughly mix PEGDA (0.155 mL) with 2-HEMA (1.82 mL).

Critical:n2-HEMA Npegda = 15:1

4. Prepare prepolymer solution by adding 0.9 mL of the ATP/TDE/water mixture (1:2 ratio, see step C1) and 0.3 g of AAm
to 0.1 mL of the PEGDA/2-HEMA blend, followed by homogenization at 45 °C.

5. Next, transfer 1 mL of the prepared prepolymer solution into a reaction vial, add 15 pL of VA-044 initiator, and incubate
at 37 °C for 12 h to form the copolymer gel.

Critical: The VA-044 initiator was prepared by dissolving 0.1 g of 2,2'-azobis[2-(2-imidazolin-2-yl)propane]
dihydrochloride in 1 mL of water. The remaining VA-044 solution can be stored at 4 °C, although it is recommended not to
exceed two weeks of storage.

6. In summary, a tough, high-refractive-index copolymer was synthesized via free-radical copolymerization of AAm and
HEMA monomers in ATP/TDE solvent with PEGDA as crosslinker, as illustrated in Figure 1.

Preserved

SV, in 4% PFA 37°C
i e e T — | —
Y )
NS
1. Delipidization 2 ;
i i . . 2.Decolonization T;ssqe optical
Cardiac perfusionand tissue harvesting 3.Labeling clearing Tissue-gel co-transparent composite
Mix Poly (ethylene glycol) diacrylate
2-Hydroxyethyl methacrylate (2-HEMA) and (PEGDA)  0.1565mL
1.82mL Take
0.1mL
+distilled water Ultrasonic e
- dissolution - =
+ 1.0815mL )
Heat (45 °C) Heat (45 °C) + VA-044
Antipyrine (ATP) ) 15l
Thiodiglycol (TDE) ) . . . P (AAm-co- HEMA) gel
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Figure 1. Preparation process of HEMA-AAm copolymer for optical clearance
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D. Optical tissue clearing method

Notes:

1. The optimal relative humidity for the experiments was determined to be 60% RH.

2. The clearing agent formulation permits water content between 20%—25% (w/w), corresponding to 20%—25% aqueous
component in the antipyrine/thiodiglycol mixture.

1. Wash the 4% PFA-fixed tissues 3 times with PBS (1 h per wash), then perform immunofluorescence staining followed
by optical tissue clearing (steps are as shown in B).

2. Immerse the stained tissue in tissue clearing solution at 37 °C for 24 h to achieve tissue transparency.

3. Prepare fresh monomer solution, mix with VA-044 initiator (15 uL per 1 mL), and cast into embedding molds (7 X 7 x 5
mm). Immerse tissues in the solution and polymerize at 37 °C for 24 h to enable refractive index matching.

4. To demonstrate the hydrogel's performance in organ/tissue imaging, Figure 2 presents the clearing outcomes of various
organs/tissues (e.g., heart, liver, spleen, lung, kidney, brain, esophagus, and small intestine; n = 3) using the HEMA-AAm
copolymer. All tissues achieved high transparency, though the final transparency levels of the tissue-gel co-clearing
composites varied.

Heart Liver Spleen Lung

before .

after

Semi-brain Femur Small intestine Esophagus

Figure 2. Optical clearing of various tissues using HEMA-AAm copolymer before and after tissue clearing
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E. Tissue-gel co-clearing cryosections

Note: Cryosectioning was performed following 3D imaging, with the sections used for 2D imaging.

1. After 3D imaging, retrieve the co-cleared tissue gel from the imaging solution, embed it in OCT compound, and place it
on the cryostat stage until solidified and securely adhered to the sample holder.

2. Adjust the cryostat temperature to between -20 and -25 °C, then secure the frozen tissue-gel block on the microtome.

3. Subsequently, section the block into 30-50 pm thick slices and mount them on glass slides for microscopic examination.
4. By combining conventional cryosectioning techniques, we achieved direct sectioning of tissue-gel co-cleared composites
at 30-50 pm thickness for subsequent 2D imaging via super-resolution confocal microscopy. Figure 3 demonstrates 2D
fluorescence images of immunolabeled, gel-embedded small intestinal sections, revealing distinct CD31" vascular
endothelium and DAPI-stained nuclear architectures. The sections exhibited high fluorescence retention with minimal
quenching.

(a)

Figure 3. 3D-to-2D retrospective analysis of immunofluorescence imaging. Small intestinal sections labeled with (a)
DAPI, (b) CD31, and (c) merged CD31 and DAPI signals.

F. Fluorescence imaging

Notes:

1. Mouse tissues were immobilized in 2-HEMA/AAm copolymer hydrogels, generating refractive-index-matched tissue-gel
hybrids suitable for high-resolution 3D imaging.

2. Use the cryosectioned tissues for 2D imaging.

1. Perform fluorescence imaging using a light-sheet microscope (Nuohai LS18) for 3D imaging of cleared tissues to visualize
immunostaining and EGFP signals.

2. Use the confocal microscope to provide high-resolution 2D fluorescence images.

3. Employ light sheet fluorescence microscopy (LSFM) to enable 3D volumetric imaging of intact tissue architecture with
preserved signal integrity.

4. Acquire Figure 4A, which displays a 3D reconstruction of intestinal tissue, by confocal laser scanning microscopy
(CLSM).

5. Obtain Figure 4B, which shows higher-resolution CLSM imaging, from the same specimen.

6. Acquire Figure 4C, a 3D image of intestinal tissue, by light-sheet fluorescence microscopy (LSFM).

7. Use hydrogel-based tissue clearing to prepare the mouse intestine sample.

8. Apply LSFM to clearly resolve DAPI-stained nuclear structures and lectin-labeled vasculature throughout the entire
cleared mouse intestine.

9. Immunofluorescently label the mouse intestinal sections.

10. Process the labeled sections with a copolymer hydrogel.

11. Display the 3D reconstruction of a detailed vascular tree network in Figure 4D.

12. Use intact lung lobes from EGFP mice to demonstrate whole-organ imaging.

13. Process the lung lobes through complete tissue clearing.

14. Perform volumetric imaging on the cleared lung lobes.
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15. Use the 3D bright fluorescence image in Figure 5 to reveal the morphology of both tracheal structures and venous
networks.

Figure 4. 3D visualization of CD31 and DAPI-labeled small intestine. (A) 6.3x magnification, light-sheet fluorescence
microscopy (LSFM). (B) 10x magnification, confocal laser scanning microscopy (CLSM). (C) Lectin and DAPI labeling,
6.3%, LSFM. (D) 3D reconstruction of intestinal vascular network using AIVIA software.

Figure 5. 3D visualization of lung lobes from EGFP fluorescent mice
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Validation of protocol

This protocol (or parts of it) has been used and validated in the following research article(s):
* Ma et al. [24]. Application of HEMA-AAm copolymer to achieve faster optical tissue transparency for 2D/3D fluorescence
imaging. Sci Rep. 15(1): €1038/s41598-025-94479—z. https://doi.org/10.1038/s41598-025-94479-z

General notes and troubleshooting

Troubleshooting

Problem 1: The liquid failed to polymerize into a gel.
Possible causes: (1) Expired VA-044 initiator. (2) Ambient humidity exceeding acceptable limits. (3) Reagent expiration.
Solutions: (1) Maintain humidity at <60% RH. (2) Use only non-expired reagents. (3) Employ freshly opened VA-044.
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