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components6 or high-resolution analysis of small numbers of individual islet cross-sections7. However, simulta-
neous whole-organ and cellular-level analysis has remained elusive, particularly with regard to human specimens.

To achieve practical and quantitative high-resolution analysis of these heterogeneous and distributed sys-
tems, new methods for observing both macro- and micro-structural features were needed. While development of 
numerous clearing methodologies, including CLARITY, iDISCO, CUBIC, uDISCO, and SWITCH8–12, has shown 
that solid mouse tissues such as brain, lung, heart, and kidney, can be cleared and labelled, several key challenges 
remain: these methods are not widely suitable for soft, fragile, and irregular tissue targets such as those com-
monly found in clinical settings; material changes to the tissue rendered them incompatible with existing clinical 
analysis; and the use of specialized (and in some cases corrosive) chemical tools or customized devices represent 
practical barriers to adoption in clinical settings.

Among available tissue-clearing methods (reviewed in detail elsewhere13, 14), several considerations led us 
to optimize CLARITY in this direction and to enhance this platform for a broad array of clinical and research 
applications. First, CLARITY is uniquely compatible with detection and quantification of many categories of 
widely-used molecular labels with diagnostic utility, including nucleic acid probes15. Second, CLARITY permits 
multiple rounds of staining in large volumes of tissue8, 16, which is useful for multiplexing beyond the limits of 
spectral separation and is particularly important for rare or precious specimens, such as human banked or biop-
sied tissue. Equally critical for clinical applications, CLARITY is directly compatible with specimens preserved 
using common clinical fixation techniques, including formalin and flash freezing, avoiding challenges introduced 
by the use of innovative but non-standard tissue fixation methods. Finally, CLARITY preserves endogenous 
fluorescence; in contrast, organic solvent-based methods quickly quench native signals, which is relevant given 
the numerous multi-color fluorescent reporter tools used in research settings17, 18. However CLARITY has not yet 
been developed for heterogeneous and irregular tissues as encountered clinically.

Here we develop a biphasic hydrogel approach, involving no specialized expertise, custom equipment, or 
expensive reagents, to enable utilization of 3D histology in the standard research or clinical lab workflow. We 
highlight opportunities for three-dimensional discovery by using the approach to analyze the development of 
pancreatic innervation in mouse and human, quantitatively describing multiple phases of neural remodeling in 
developing pancreatic islets in an automated, high-throughput manner across whole mouse and human organs. 
Biphasic hydrogels and the pipeline of practical chemical, optical, and computational tools demonstrate an 
approach with potentially widespread research and clinical applicability.

Results
Biphasic CLARITY composites: hydrogel chemistry for irregular or fragile samples.  CLARITY 
and other hydrogel-based clearing techniques have successfully enabled 3D volumetric imaging at high resolution 
in mouse tissues such as brain, spleen, and bone8, 19. However, we found that when published CLARITY methods –  
which had been developed for solid organs with fixed architecture, such as the brain – were applied to irregular or 
fragile tissues such as clinical biopsies, significant difficulties were encountered. Most importantly, the firmness 
of the hydrogel composite (advantageous for many applications) created difficulties with friable tissues, resulting 
in clumping, shearing, and poorly-controlled gelation following hydrogel embedding. In turn, these effects led to 
adverse consequences including optical aberrations, reduced antibody penetration, high levels of tissue-gel com-
posite expansion, and significant tissue damage, particularly in organs with irregular surface features or cavities 
where expansion could lead to rupture of enclosing structures. To overcome these challenges, we sought to re-en-
gineer CLARITY for this new application domain, beginning by formulating a double matter phase (biphasic) 
hydrogel consisting of a solid gel within the tissue parenchyma but a liquid phase elsewhere including at irregular 
tissue and cavity boundaries, thus achieving mechanical stability of soft and friable tissue samples including clin-
ical biopsies and mouse embryos (Fig. 1a). Subsequent volumetric imaging then enabled accurate visualization of 
fine anatomical structures that would otherwise be under-sampled or missed by thin section histology, including 
pancreatic islet volumes and neuronal structures (Fig. 1b).

To optimize biphasic CLARITY, individual components of hydrogel chemistry were titrated systematically 
with the goals of increasing clearing speed and retaining sample structure in soft tissue (Fig. 1c–f; Supp. Fig. 1). 
Acrylamide polymer (A), bis-acrylamide crosslinker (B), and paraformaldehyde fixative (P) are typically used 
in a fixed-ratio formulation abbreviated here as A4B4P4 (Methods); consistent with prior reports19, 20, we found 
that eliminating fixative while maintaining polymer and crosslinker (A4B4P0) could accelerate tissue clearing 
in many organs by 15–30x without affecting protein loss (Fig. 1c,d, Supp. Fig. 2), and up to 50x when cleared at 
elevated temperatures (Supp. Fig. 1). However, A4B4P0 gels were found to be prone to antigen loss when cleared 
for prolonged time periods (Supp. Fig. 2), which could limit utility for large tissues or for multiple rounds of 
immunostaining wherein tissues must be incubated in stringent elution conditions to remove antibodies8, 9, 16.

Consistent with previous reports21, reducing polymer and crosslinker concentration without altering fixative 
(A1B1P4) was found to modestly increase clearing kinetics 2–3x (Fig. 1c), and clearing rate could be further 
increased (15–30x) at higher temperatures (Supp. Fig. 1). These A1B1P4 gels result in clear 2 mm-thick tissue in 
2–5 days without evidence of undue protein loss from excessive clearing (Supp. Fig. 2), and furthermore exhibited 
improved penetration of macromolecular probes; 1 mm-thick blocks of A1B1P4 composites could be stained 
homogeneously with high signal-to-background after only 12 hours incubation in antibody solution (Fig. 1e,f) 
compared to 48 hours previously reported for other CLARITY gel formulations8, 20. Thus for biphasic CLARITY, 
A4B4P0 composites are suitable for rapid clearing and a single round of antibody staining, but A1B1P4 compos-
ites may be suited for rapid single-round staining or multiple rounds of staining due to improved protein reten-
tion and greater rates of antibody penetration.

Application to dynamics of neural crest cell progeny in the developing mouse pancreas.  We 
next sought to utilize the novel biphasic CLARITY gel to investigate whole-organ pancreatic islet development 
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Figure 1. Development of enhanced CLARITY methods for peripheral tissues. (a) Simplified CLARITY 
schematic: First, fixed tissue is placed in a hydrogel monomer solution (purple) that diffuses throughout the 
tissue. Second, prior to polymerization, samples are transferred to a second hydrogel solution without the 
capacity for solid polymer formation (orange). Third, the sample is polymerized either through nitrogen flush 
and degassing or with the use of oil on the surface (indicated in yellow) as an oxygen inhibitor, resulting in 
formation of a tissue-polymer hybrid with a solid hydrogel interior but in liquid solution, which is ideal for 
fragile or irregularly shaped tissues. Fourth, tissue is passively cleared. Finally, after optical transparency is 
achieved, tissue is labeled with molecular probes (RNA, antibody, or dye), mounted on a slide in a refractive 
index matching solution, and imaged using standard microscopy. The sample can be destained and the process 
repeated for multiple staining and imaging cycles. (b) Virtual thin section (5 �m) compared to CLARITY 
volume (250 �m maximum intensity projection) of the same pancreatic islet image, here from a representative 
islet in a whole P15 pancreas from a Wnt1-Cre; ROSA-mTmG mouse. CLARITY enables more comprehensive 
and accurate measurements of structural features compared to section histology. Thin sections can grossly 
underestimate pancreatic islet sizes (dotted line), and results in incomplete observation of fine microstructures 
such as complex neural projections (arrowheads). (c) CLARITY gel A4B4P0 (green) clears significantly 
more rapidly compared to both A1B1P4 (red), and A4B4P4 (blue) across multiple tissue types including 
brain, muscle, liver, kidney (p �  0.00005, unpaired t-test), and pancreas (p �  0.0005, unpaired t-test). n � 6 
sections per tissue type and gel. Clearing reaction rates were determined by fitting UV-spectrophotometry 
measurements over time to a first order transformation reaction kinetics equation y � Y max(1 � e �kt ) and 
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Figure 6.  Applications of CLARITY to diverse biological systems. (a) Wildtype E10.5 mouse embryo was 
cleared and labeled with Tuj1 and laminin. Scale: 500 � m. (b) E12.5 Embryo from Wnt1-Cre x Rosa26/TdTomato 
mouse was clarified and imaged, demonstrating robust preservation of endogenous labels. Scale: 100 � m.  
(c) Whole E14.5 mouse embryo was stained for Tuj1 and Laminin, the antibody label removed, and the 
specimen restained with the same antibody. Scale: 1000 � m. (d,e) Even after two rounds of staining, the same 
fine structural features (arrowheads) can be easily identified in the whole sample (green box). Scale: 200 � m. 
(f) CLARITY can successfully clear decalcified bone (see Methods). Scale: 1000 � m. Samples in panels a-f were 
embedded in A1B1P4 hydrogel and cleared for 2–4 weeks at 37 °C (see Methods and detailed protocol for tissue-
dependent timing). (g–k) Other whole organs can also be cleared, including the gastrointestinal tract (here, 
pyloric sphincter, scale: 500 � m), lung (scale: 500 � m), heart (scale: 1000 � m), kidney (scale: 100� m), and skeletal 
muscle (scale: 50 � m). CLARITY preserves fine structures, enabling visualization of, for example, neuromuscular 
junctions (arrowheads). Samples in panels (g–k) were from adult Wnt1-Cre; Rosa26-mT/mG reporter lines, 
embedded in A4B4P0 hydrogel and clarified for 1–2 wk at 37 °C (see detailed protocol for tissue-specific timing).
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