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Introduction

 Live-cell imaging coupled with time-lapse microscopy has been a critical approach in cell biolo-
gy, providing a dynamic understanding of biological phenomena and molecular mechanisms. Howe-
ver, such strategies have long remained underexploited due to the difficulty of rapidly, precisely and 
simultaneously altering the environment of cells under microscopic observation. Recently, the emer-
gence of microfluidic technologies has opened new avenues of investigation, taking full advantage 
of state-of-the-art imaging approaches and combining them with advanced dynamic control of a 
broad panel of parameters, including temperature, medium composition and the concentration of ap-
plied drugs1-5. These technologies provide an unprecedented precision in modulating the cellular en-
vironment while simultaneously monitoring the response of cells to such alterations by live-cell imaging.

 The importance of correcting focus drift during time-lapse microscopy has led to the development 
of a variety of hardware and software autofocus systems. This is particularly critical, although more dif-
ficult to achieve, in long-term and complex live-cell imaging experiments that require multi-point, mul-
ti-wavelength and multi-plane acquisition. While hardware autofocus devices are robust for conventional 
live-cell imaging approaches, they are significantly challenged by the use of microfluidic technologies, as 
the focal plane is perturbed by a constant flow of medium through the microchannels. In addition, media 
switches and induced temperature shifts can cause additional drift. . Finally, the formation of bubbles in 
the microchannel networks, a well-known issue when using microfluidic devices for live-cell imaging6,7, 
represents a major problem for hardware focusing devices, which require a liquid interface to operate.

 Here we show that recent hardware autofocus modules with improved reliability and speed are fully 
compatible with complex imaging of live cells coupled to modulation of both the medium and the tempe-
rature in the microsystems.
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Experimental Procedure

Fission yeast strains and methods

 Standard methods were used for growing 
fission yeast cells8,9. The strain used in this report 
was DC728 (GPF::ADEL::ura4+ nhp6::mCherry::u-
ra4+ leu1-32 ura4-D18 ade6- h+). The GFP::ADEL 
and Nhp-6::mCherry markers were previously des-
cribed10. Cells were grown in minimal medium plus 
supplements (EMM6S) at the indicated temperatures.

Microfabrication procedure

 Custom-made biocompatible microchips 
that do not interfere with the use of small mole-
cules were built as described5. The microchannel 
network consists of two lateral feeding channels 
that communicate through small chambers in 
which cells are grown. An equilibration connection 
between the feeding channels upstream of the 
chambers prevents flows through the chambers 
and minimizes sheer stress to the cells11. All ex-
changes between the cell chambers and the fee-
ding channels occur by diffusion. The dimensions 
of the channels are as follows: feeding channels: 3 
cm long x 500 μm wide x 50 μm high; cell cham-
bers: 500 μm long x 170 μm wide x 5 μm high.

Control of the cellular environment in the mi-
crosystems

 Medium renewal in the feeding channels 
is provided by pressure controllers and high-preci-
sion flow sensors (Elvesys, France). Dynamic regu-
lation of the temperature of the samples (constant 
temperature and temperature switches) relies on a 
microfluidic system based on heat transfer from a 
thermalization liquid5,12 (Cherry Biotech, France).

Image acquisition and hardware autofocus

 All microscopy experiments were perfor-
med using an inverted Zeiss Axio Observer (Carl 
Zeiss Inc.) equipped with a Lumencor Spectra X 
illumination system, a Hamamatsu Orca Flash 4.0 
V2 sCMOS camera and an ASI PZ-2000FT auto-
mated stage with piezo z-axis. Images were ac-
quired using Visiview (Visitron GmbH) and ana-
lyzed using Fiji (National Institutes of Health). 
Multi-point positioning in the z-axis as well as 
z-stack acquisitions were performed using the pie-
zo stage. Throughout the experiments, the focal 
plane was maintained using a Zeiss Definite Focus 
2 module. Automated focusing was only applied 
once prior to image acquisition at each time point.

Figure A. Schematics of the experimental conditions, dis-
playing the different perturbations applied. a-g labels corres-
pond to the times at which automatic focusing and image 
acquisition was performed (10 min after each perturbation of 
the growth conditions). Flow rates of 10 and 40 μL/min cor-
respond to 5 μL/min and 20 μL/min per channel, respectively.

Modulation of the cellular environment during live-cell imaging experiments. 
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Results

 To assess the capacity of the hardware 
autofocus system to correct focal drift during 
complex microfluidic-based live-cell imaging ex-
periments, fission yeast cells expressing mar-
kers for the endoplasmic reticulum (GFP::ADEL) 
and the nucleus (Nhp6::mCherry)10 were in-
jected in a custom-made microfluidic chip5.
This microdevice was then mounted 
on an inverted microscope, and mul-
ti-point, multi-wavelength, multi-dimensio-
nal live-cell imaging was performed for 12 h.

Figure B. Picture of the acquisition setup displaying 
the microfluidic chip mounted on an inverted mi-
croscope, connected to both the microfluidic tempe-
rature control system and flow rate control system. 

Figure C. Representative images of cells at the different time points as in A (labels a-g). The images shown are maximal pro-
jections of one out of the 15 recorded positions. Scale bars = 10 μm.

 We applied various perturbations using our 
microdevices to test the capacity of the hardware 
autofocus system to maintain the focal plane at 
each acquisition point throughout the duration of 
the assay (Figure 1A, B). In particular, we modulated 
both independently and simultaneously the flow 
rate of the medium perfused into the chip and the 
temperature of the sample (Figure 1A). The latter is 
particularly challenging for focusing systems due to 
the response of materials to temperature changes. 
It is also critical to note that in microchannels of 
the size used for these assays, the fluid velocity is 
high in the feeding channels (total flow rates of 10 
or 40 μL/min in our experiments), while the late-
ral cell chambers are virtually unaffected by flow, 
and cells mostly move due to Brownian motion. 

 Images of the samples were taken 10 mi-
nutes after each change in the cellular microenvi-
ronment (Figure 1A, labels a-g). In order to correct 
for focal drift, automated focusing was only applied 
once at each time point, just prior to image acqui-
sition. Strikingly, even with cells as small as fission

yeast (~4 μm in width, ~7-14 μm in length), for which 
precise focus control is essential, the focal plane 
was consistently maintained throughout the entire 
experiment and for each individual field of view (Fi-
gure 1C and data not shown for the entire set of 
15 fields). This shows the compatibility of the hard-
ware autofocus system with complex live-cell ima-
ging experiments coupled with advanced microflui-
dic-based modulation of the cellular environment.

Conclusion

 Hardware autofocus is an essential aspect 
of live-cell imaging experiments, and it is crucial for 
complex microscopy assays. Microfluidic techno-
logies have made a spectacular entry in this field, 
and their capacity to provide dynamic access to 
critical parameters of the cellular environment is a 
clear challenge for focusing devices. Our proof-of-
concept experiments demonstrate that recent focu-
sing modules have reached a level of accuracy and 
speed that is fully adapted for using state-of-the-art 
microscopy together with microfluidic technologies.

Nhp6::mCherry GFP::ADEL
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