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By generating three-dimensional microtissues or organoids 
that better mimic the in vivo cellular functions than 
the two-dimensional cell cultures, the organ-on-a-chip 
technologies have been playing an increasingly important 
role in fundamental biology and drug discovery (1). The 
fast-growing on-chip microfluidic field is accompanied by 
the high demand for on-site imaging of the microtissues’ 
morphology, function, and molecular signatures. Clearly, 
to image the three-dimensional microtissues, the imaging 
technique should ideally provide volumetric information, 
together with microscopic resolutions for cellular or even 
subcellular analysis (2). Although many imaging modalities 
possess three-dimensional imaging capability, only optical 
microscopy, primarily the confocal microscopy and multi-
photon microscopy, has the required spatial resolution and 
molecular/chemical sensitivity, and thus is widely used with 
on-chip microfluidic systems (3). However, the biological 
tissues are notoriously unfriendly to photons, with strong 
optical scattering resulted from the inhomogeneous 
distribution of subcellular structures, including cell 
membranes, nuclei, and mitochondria (4). High-resolution 
optical microscopy often suffers from the strong optical 
scattering of tissues, leading to a shallow imaging depth of a 
few hundred micrometers.

So far, there exist roughly two groups of methods to 
overcome the penetration limitation of optical microscopy: 
one involves improving the imaging system by using longer 
light wavelengths (5), designing more efficient optical 
detection (6,7), or correcting the phase of the incidental 
light waves (8); the other is to clear the tissue by physically 
or chemically reducing the optical scattering, i.e., making 

the tissue transparent (9,10). Compared with the efforts of 
improving the optical imaging systems, the optical clearing 
methods can better solve the imaging depth issue and can be 
readily implemented with traditional optical microscopy. On 
the other hand, the optical clearing methods usually suffer 
from strong cytotoxicity and thus cannot be applied for 
live cell imaging, which, however, is less a problem if only 
the morphologic information is of interest. Nevertheless, 
based on passive mass diffusion of the clearing agents into 
the tissues, optical clearing is still not widely adapted for 
three-dimensional optical imaging in on-chip microfluidic 
systems, due to the extremely long clearing time involved in 
the multi-step process. For example, it takes days even for 
the most advanced CLARITY technology to clear up a small 
piece of mouse brain (11). With such a low throughput, it 
is very challenging to apply the optical clearing technology 
on microfluidic platforms, which usually involves a closed 
system and in many cases presence of multiple microtissues. 
Therefore, there is an urgent demand for an innovative 
optical clearing method that suites the high-throughput 
imaging need of on-chip microfluidic systems.

Chen and the colleagues have recently developed a novel 
technology that has substantially accelerated the speed of 
optical clearing and simplified the process for the on-chip 
microfluidic system (12). This idea exploits the well-known 
physical phenomenon that the mass diffusion rate can be 
increased by an external fluidic pressure. The same physical 
mechanism also leads to the fact that a fast-blowing wind 
can quickly dry up a water spill on the road than that in a 
windless day. As shown in Figure 1A, Chen’s method can be 
implemented on an on-chip microfluidic system in three 
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steps: first, a monomer solution is infused into the device, 
which preserves and fixes the tissue after gelation; second, a 
solution containing sodium dodecyl sulfate (SDS) is infused 
to wash away the cellular membranes of the tissue, exposing 
the intracellular proteins for fluorescent labeling; finally, 
a refractive index-matching solution (RIMS) is infused to 
eliminate the scattering interfaces within the tissue, allowing 
the tissue core to be visualized and imaged. Because of the 
active perfusion exerted by the microfluidic system, the 
authors have demonstrated an enhanced exchange rate of 
interstitial fluids by 567-fold, leading to an eventual 20 times  
faster clearing rate in three-dimensional microtissues. 
Such an impressive clearing speed has allowed the authors 
to image the segregation and compartmentalization of 
different cells during the formation of tumor spheroids 
(Figure 1B), and to track the degradation of vasculature 
over time within extracted murine pancreatic islets in static 
culture.

Compared with previous optical clearing methods (10), 
the major advantages of the microfluidic tissue clearing 
are 2-fold: (I) the same microfluidic system equipped 
with traditional optical microscopy can be used for both 
microtissue culturing and clearing, which has substantially 
simplified the clearing and imaging process, and (II) 

the microfluidic-enhanced mass diffusion significantly 
accelerates the clearing rate, allowing high-throughput 
study of the entire microtissues. This new method, 
demonstrated by several proof-of-concept applications, has 
opened the door for numerous assays that can tremendously 
benefit from high-throughput, on-chip, deep-penetration 
screening of three-dimensional microtissues, including but 
not limited to drug screening for multi-cellular biological 
functions and precision medicine that explores the 
heterogeneous tissue responses.
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Figure 1 Fast on-chip microfluidic tissue clearing. (A) Photo and schematic of the on-chip clearing technique. The microfluidic device 
is placed on an imaging stage of a confocal microscope, connected to the various solutions for steps 1–3, as well as a pump to draw the 
solutions through the device; (B) increased imaging depth after on-chip clearing. Shown here is the same U87MG tumor spheroid before 
and after the clearing. The application of on-chip clearing technique enhances the imaging depth by 250%. Side panels show cross-sectional 
optical slices at different depths within the spheroid (scale bars, 100 μm). Adapted with permission from Chen et al. (12).
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