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LAB-ON-A-CHIP

TRACKING EXPRESSION THROUGH THE GENERATIONS
A microfluidic device tracks the lineage and transcriptional profiles of 
individual cells.

Where a cell comes from—its lineage—can be critical to its function, but few methods 
allow us to study the effect of this intrinsic property on cell state or behavior. At the 
Massachusetts Institute of Technology, Scott Manalis and his graduate student Robert 
Kimmerling began thinking about the problem by chance. The Manalis lab excels at 
measuring the properties of single cells, and the researchers were working on long-term 
culture to measure cell growth. While prototyping a microfluidic device using arrays of 
hydrodynamic traps, “we ran into the idea of tracking this with time-lapse imaging,” says 
Kimmerling. “We could actually reconstruct lineages.”

The lineage project came to life in the face of a biological question. Activated CD8+ 
T cells give rise to both effectors that clear an infection and memory cells that persist 
to fight subsequent infections. How this happens is “hotly debated,” says Kimmerling. 
According to competing models, the two subtypes could arise immediately from an early 
asymmetric division in the activated cell’s lineage, or a memory phenotype might develop 
gradually over time.

To address such questions, Manalis, Kimmerling and their colleagues teamed up with 
the lab of Alex Shalek to link lineage with gene expression data across cell dynasties. They 
designed a device made of winding channels studded with hydrodynamic traps, pockets 
that confine cells on the basis of differential fluid flow. After division, displaced daughter 
cells flow into the next available trap, while the process is tracked with time-lapse imaging. 
In designing the chip, the researchers had to find a sweet spot between high-efficiency 
capture and individual cell release for sequencing, as fluidic resistance is the same in both 
directions. Controlled release with minimal shear stress takes finesse—“Rob has to watch 

IMAGING

Protected STED nanoscopy
The use of photoswitchable fluorescent proteins in STED nanoscopy enables higher- 
contrast imaging with dramatically reduced photobleaching.

Super-resolution microscopy methods such as stimulated emission depletion (STED) 
nanoscopy provide highly detailed views into cells. However, one drawback of such approach-
es is that samples can be exposed to elevated doses of light, which leads to photobleaching. 
Photobleaching, in turn, limits the observation time of a sample. To overcome this issue, par-
ticularly for live-cell imaging, Stefan Hell at the Max Planck Institute of Biophysical Chemistry, 
along with Johan Danzl, a postdoctoral fellow; Sven Sidenstein, a graduate student in his lab; 
and other collaborators developed a modified form of STED nanoscopy.

STED nanoscopy is usually implemented in a point-scanning mode, like confocal micros-
copy. However, whereas confocal microscopes scan with a single excitation laser, STED micro-
scopes have a second, STED laser. The STED laser is focused into a donut shape that turns the 
excited fluorophores off by instantly sending them back down to their ground state, leaving 
only the fluorophores in the center of the donut fluorescent. Subdiffraction-resolution images 
are obtained by scanning with the two beams together.

To reduce the amount of photobleaching that occurs in STED imaging, the team turned to 
photoswitchable fluorescent proteins, which can be reversibly switched between ‘activated’ and 
‘deactivated’ forms by specific wavelengths of light. Thus a system was created in which the 
fluorophores can be driven into two distinct ‘off ’states: the deactivated state and the ground 
state of the activated form. The deactivated state can protect the majority of fluorescent proteins 
from bleaching by the STED and excitation lasers. The ground state of the active form is then 
induced by the STED laser, which acts on the excited state of any active protein.

Their method, called protected STED, uses a sequence of light pulses applied pixel by pixel 
throughout an imaging field. First, all of the photoswitchable fluorescent proteins in a pixel 
are driven into the ‘on’ state. Next, fluorophores around the edge of the pixel are deactivated 
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the cells and … turn the knobs in such a way to catch them,” says Manalis. They are 
working to automate the process.

The researchers cultured lymphocytic leukemia cells and primary CD8+ T cells from mice 
for two generations on the chip and then analyzed gene expression from individual cells. 
Both cell types showed less transcriptional variation within clonally related cells than 
between clones. This was true even for genes such as granzyme B, which is involved in 
targeted killing by cytotoxic T cells. “We were looking at the list of biologically relevant 
genes, ones that were related to T cell function, and we still saw this distinct lineage 
effect,” says Kimmerling.

They also measured the time since cell division and used a regression model to find 
the genes that differed most with respect to this variable. The top 300 genes were very 
different for the two cell types, providing potential insight into cell cycle drivers.

Each module on the chip currently contains 40 traps to study up to five generations, 
and cells must be somewhat uniform in size and grow without anchorage. Adherent cells, 
including human cancer cells, have been grown on the device for up to eight days. The 
researchers are also coupling serial suspended microchannel resonators with the platform, 
enabling the measurement of cell mass accumulation. Other measures are in the works. 
“Taking all physical things we can measure about the cell and linking that to RNA-seq—it’s 
exciting,” says Manalis.

Although the work is in vitro, Kimmerling and Manalis believe that the highly controlled 
environment offers advantages; “We are collecting a set of blueprints for what things 
are intrinsic to the cell and not dependent on the microenvironment,” says Kimmerling. 
Insights from the chip could inform models of in vivo data and might ultimately help solve 
the question of CD8+ T cell differentiation.
Tal Nawy
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by a donut-shaped beam. Finally, the remaining active 
fluorophores from the center of the pixel are excited 
with a laser that is surrounded by a second, smaller 
donut formed by the STED laser.

The use of two distinct nonfluorescent states of the 
fluorophore was expected to do more than reduce 
photobleaching. “At the same time, the intention was 
to enhance the on/off contrast required for getting 
super-resolution,” Hell notes. The team saw both of 
these anticipated results bear out. Compared to regu-
lar STED imaging, protected STED showed substan-
tially decreased photobleaching. In addition, they 
found that protected STED yielded better resolution 
owing to the enhanced contrast from near-complete 
suppression of fluorescence outside the target region.

In addition to reducing photobleaching, protected STED is likely to cause less photodamage 
to cells during extended imaging by reducing the number of fluorescent molecules that absorb 
excitation and STED light at a given instant. Although they did not measure photodamage 
directly, Hell shares that the team did not observe any photodamage when 3D-imaging neu-
ronal spines that are known to be light sensitive.

Hell notes that “there is a lot of potential for refining these experiments and developing this 
idea into a microscopy method that can be applied routinely with great benefit in live-cell 
super-resolution imaging” and says that future work will involve simplification of the optical 
setup, as well as testing and developing other switchable fluorophores to see how far the concept 
can be developed.
Rita Strack
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Cells were imaged to show that 
protected STED (bottom row) 
reduces photobleaching compared to 
conventional STED (top row). Figure 
reproduced from Danzl et al. (2016).
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