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Assay Validation
To validate the media exchange capability of the CellASIC® ONIX platform as well as the 
ability to monitor and quantify autophagy through autophagosome counting, LC3-
GFP CHO cells (70% confl uent) were perfused with EBSS + 50 µM CQ for 100 minutes 
followed by regular culture medium for 200 minutes. As shown in Figures 2 and 3, the 
dynamic changes of autophagy in both the stress and recovery phase could be quantifi ed 
through autophagosome counting. 

Assessment of CQ Dose Response
Once the assay was validated, profi ling of the CQ dose response in CHO cell lines was 
conducted. Once established in the microchamber, exposure conditions involved three 
phases: standard culture medium for 135 minutes, continuous CQ (10 µM, 100 µM, or 1 
mM) perfusion for 255 minutes, and culture medium for the fi nal 240 minutes to permit 
visual capture of the lysosomal degradation process. Images were taken every 15 minutes. 
Overall, the rate of autophagosome formation was proportional to the CQ concentration 
applied. However, at 1 mM, cells ceased committing to the autophagy pathway, and 
the number of autophagosomes stayed constant for the rest of the experiment. We also 
observed more dead cells in this treated group, indicating either that the maximal levels of 
autophagy in this cell line had been achieved, or that the cells committed to apoptosis or 
necrosis at the high CQ dose. Furthermore, degradation of autophagosomes occurred at a 
faster rate than the accumulation (Figure 4).

Autophagy is an intracellular process leading to the lysosomal degradation of cytosolic components and organelles. Its 
best understood role is in cellular housekeeping; this activity directs the removal of damaged or unwanted products 
[1]. However, autophagy can also be induced in response to cancer therapies, when autophagy functions as a survival 
mechanism and thus potentially limits drug effi cacy [2,3]. In established tumours, malignant progression and tumour 
maintenance have been linked to physiological adaptations resulting in upregulated or constitutively active autophagic 
pathways [2]. In addition, there are many stimuli that have been shown to activate autophagy, including nutrient starvation, 
reactive oxygen species [4], stress on the endoplasmic reticulum, and ammonia [5]. 

Once stimulated, unwanted cytosolic proteins and aging organelles are sequestered by a double-membrane vesicle known 
as an autophagosome (Figure 1). Protein complexes coordinate vesicle formation and enable the recruitment of LC3 into 
the inner and outer membranes of the autophagosome. LC3-labelled vesicles are traffi cked to the lysosome. During this 
last phase, autophagosomes fuse with lysosomes to form autolysosomes, where unwanted nutrients are reduced to basic 
molecular building blocks and ultimately released back into the cytoplasm. 

Measurement and tracking of autophagy are essential for elucidating this process. Many newer autophagy assays rely on 
the expression of stably transfected green fl uorescence protein (GFP)-LC3 fusion proteins; in this case, autophagosome 
activity is visually identifi ed by changes in GFP puncta [6]. Lysosomal inhibitors, such as chloroquine (CQ), have also been 
invaluable in determining the relative autophagic response to cellular stress. CQ blocks the last step of autophagy, lysosomal 
degradation; the resulting buildup of intermediates can serve as a quantifi able marker of autophagic activity [7]. By 
combining the use of live cell imaging with transduction of a GFP-tagged autophagosome marker (LC-3) in the presence 
of CQ, researchers can monitor the autophagosome formation process on a fl uorescent microscope in real time. However, 
little is known about the latter stages of autophagy and the dynamics of lysosomal degradation. 

In this article, we demonstrate the use of a microfl uidic live cell imaging platform (the CellASIC® ONIX Microfl uidic Platform, 
EMD Millipore) to develop a dynamic cell-based assay for monitoring the whole autophagy process. This platform offers 
temperature and gas control as well as media perfusion for precise environmental control. Using this system, LC3-GFP 
CHO reporter cells were subjected to nutrient starvation or hypoxic stresses for a designated time period followed by 
reintroduction of normal growth conditions. The time course of autophagy was visualised in real time under a fl uorescent 
microscope, providing quantitative information on both autophagosome formation and lysosomal degradation machinery.
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Figure 1. Four stages of autophagy. Autophagy can be induced 
by nutrient depletion or inhibition of the mTOR pathway. 
During autophagy, cytosolic proteins and aging organelles are 
sequestered by a double-membraned autophagosome. One 
of the hallmarks of autophagy is translocation of LC3 from the 
cytoplasm to the autophagosome. Autophagosomes then fuse 
with lysosomes to promote breakdown of the vesicle and all 
contents, including LC3. This process can be visualised using 
either a LC3-GFP fusion protein or an anti-LC3 antibody.

Figure 2. Schematic of live cell imaging for autophagy of LC3-GFP expressing CHO cells. First, medium was 
perfused to establish fl uorescent baseline. A stressor (serum starvation) and the lysosome inhibitor CQ1 were 
then introduced to trigger autophagosome accumulation within cells. When cells were returned to standard 
growth medium, autophagosomes underwent lysosomal degradation. 
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Hypoxia Studies
To further explore the dynamics of stress-induced autophagy, we exploited the CellASIC® 
ONIX system’s ability to regulate gaseous microenvironments to introduce severely hypoxic 
conditions within the cell chamber. Prior to analysis, the system’s control of oxygen content 
was validated. For gas flow rates of 20 mL/min and 3 mL/min, we consistently found that 
the switch time from normoxic to hypoxic gas environment occurred in less than one hour. 
For these two gas flow rates, steady-state concentrations were achieved with less than 2% 
and 10% deviation from the supplied gas, respectively. 

In traditional static cultures, achieving equilibrium following defined gas switching is 
impractical due to incubator size and differences between the measured pericellular oxygen 
tension (within the flask) and that in the ambient air [8,9]. However, the new platform 
features a significantly reduced culture vessel size (10,000 cells per chamber) and restricted 
fluid volume (a few nanolitres), together leading to a faster gas exchange during our 
hypoxia studies. 

Results from initial hypoxia experiments supported this fact; specifically, we found that, 
compared to the typical hypoxic response of cells cultured in traditional petri dishes  
[8-12], LC3-GFP CHO reporter cells in the microfluidic perfusion environment were far more 
sensitive to gas switching, demonstrating autophagosome formation within three hours of 
hypoxic treatment [10-12]. Following six-hour exposure, a large percentage of cells failed to 
recover and underwent apoptosis. 

Profiling Autophagosome Formation
Based on these preliminary results, we performed dynamic profiling of autophagosome 
formation in reporter cells in response to CQ (10 µM, 100 µM, or 1 mM) under hypoxia 
conditions. Similar to results of starvation-induced autophagy, the rate of autophagosome 
appearance accelerated with respect to increasing CQ dose. As for the recovery phase, cells 
treated with 100 µM of the CQ responded almost instantaneously, while those treated with 
the highest dose (1 mM) demonstrated a far more protracted recovery profile (Figure 5 and 6). 

To simultaneously monitor the two most important organelles involved in autophagy, we 
further transduced the LC3-GFP reporter CHO cells with a fluorescently tagged, lysosome-
specific fusion protein construct, LAMP1-RFP. Transduced cells were incubated under 
mildly hypoxic conditions (3% O2) in the presence of CQ at various concentrations for 180 
minutes, followed by prolonged 660-minute culture under normoxia in the presence of 
standard medium. 

The data indicate that autophagogome formation started immediately after the switch to 
hypoxic conditions and lasted for three hours in the cells treated with 1 mM of CQ. In these 
cultures, lysosome degradation did not occur until almost 11 hours after gas exchange 
(Figure 7). However, we did not observe any conclusive response in the lysosomal activity 
during either autophagy or recovery phases except for the observation that lysosomes were 
instantly condensed under the hypoxic stress. 

We speculate that the LAMP1-RFP transduction process (or the LAMP1-RFP construct itself) 
might be another source of cellular stress, hence affecting overall autophagic activity.  
We are currently exploring alternative labelling methods for dual-colour assays for  
hypoxia-induced autophagy.

Figure 3. Validation of the autophagosome counting assay. The number of autophagosomes in each image in 
Figure 2 was determined using a custom-developed image processing sequence for object identification with 
CellProfiler Software. Rate of autophagosome formation and degradation was successfully monitored with the 
proposed assay.

Figure 4. Assessment of CQ dose response using a dynamic autophagy assay. Three levels of CQ (10 µM, 100 
µM, and 1 mM) were perfused through independent culture chambers of the same microfluidic plate at the 
same time. Time-lapse imaging was performed on three different positions in each of the microchambers. The 
fluorescence intensity was counted and averaged per frame using CellProfiler Software and normalised to the 
background to measure flux. Error bars represent standard deviation (S.D.) of the number of counted puncta in 
approximately 60 cells per time point.

Figure 5. Images of the LC3-GFP CHO reporter cells taken during each phase of the hypoxia-induced 
autophagy assay. Cultures were first perfused with standard growth medium under normoxic conditions for 60 
minutes, followed by continuous CQ (10 µM, 100 µM, or 1 mM) perfusion in the presence of severe hypoxia 
(0.2% O2) treatment for three hours, followed by removal of the stressors and reestablishment of normoxia in 
standard growth medium for another 16 hours. An Olympus IX-71 inverted microscope was used for the entire 
process; all images were taken under the 40x objective. 

Figure 6. Dynamic, quantitative live cell imaging of autophagosome formation with respect to CQ treatment 
and hypoxia. Three levels of CQ inhibitor (10 µM, 100 µM, and 1 mM) were perfused through independent 
culture units at the same time. Time-lapse imaging was performed on three different positions in each of the 
microchambers. The fluorescence intensity was counted and averaged per frame using CellProfiler Software and 
normalised to the background to measure flux. Error bars represent S.D. of the puncta in around a total of 60 
cells per time point. 
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Conclusion
The CellASIC® ONIX live cell imaging platform was used to create a dynamic assay that not 
only has the potential to simultaneously monitor multiple intracellular components throughout 
the entire autophagic process without disruption but also allows precise manipulation of 
culture parameters, thus exposing cells to more physiologically relevant conditions. This 
platform may be capable of simulating conditions of pulse exposure to drug compounds, and 
could provide additional information on dose response for compound profiling by revealing 
rates of autophagosome formation and degradation. It therefore has the potential to help in 
the discovery of new targets and therapeutic compounds in cancer as well as other diseases.
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Figure 7. Two-colour imaging of transduced LAMP1-RFP/LC3-GFP CHO reporter cells showing autophagosomes 
(green) and lysosomes (red) throughout the entire hypoxia-induced autophagy assay. Cells were first treated 
with mild hypoxia (3%) for three hours in the presence or absence of CQ, followed by the removal of the 
stressors and the treatment of normoxia and the growth medium for another 16 hours. An Olympus IX-71 
inverted microscope was used for the entire process, and all images were taken under the 40x objective.
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Temperature Controlled and X-ray Stages used to Advance Supramolecular Polymer Research
As part of the Supramolecular polymer chemistry group at the Eindhoven University of Technology, Doctorial candidate Berry Bögels and his colleagues 
are focused on using self-assembly to create smart materials. Specifically, Mr Bögels has been working on developing membranes that can be used in 
applications such as drug delivery systems, dialysis and biosensors.

In recent years, there has been a concerted push toward the development of artificial materials that can be used to increase the understanding and 
enable researchers to mimic certain vital biological, stimuli-responsive activities.

Their studies have utilised a variety of Linkam equipment in enabling them to look at the bulk crystalline properties of compounds which can be 
used to form these nanostructure membranes. The group is using an LTS stage with specially coated ITO cells to analyse liquid crystals, or polymeric 
materials with a molecular structure consisting of a high degree of order. The LTS stage allows them to view their samples on a polarising microscope 
whilst simultaneously controlling the temperature of their sample. Mr Bögels has pointed this out as a key feature of the stage: “For the analysis 
of liquid crystalline materials, a good control of temperature is of upmost importance to be able to form the desired LC-Phase and (especially if) 
macroscopic alignment is wanted.”

The group has recently acquired a new Linkam HFS X-ray stage which they have also been using in their research. The HFS X-ray stage has been used 
by the team to study the nanomaterials in an X-ray diffractometer enabling them to view the molecular structures in fine detail. The HFS X-ray stages 
are specifically designed for this established analytical technique as they have accurate control of temperature under vacuum as well as X-ray compatible windows. 

The Linkam instrumentation has helped the group attain the results that they have strived to work for, and it is the robustness and versatility of the stages that the Mr Bögels and his team have found most 
valuable: “At Eindhoven University, we have already made use of Linkam stages for quite some time. They always seem to work properly, have a very long lifetime and can be used in a variety of different 
set-ups.” 
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Launch of Fast-Scanning and Super-Resolution AFM System
JPK Instruments announces the release of the next generation of NanoWizard® AFM systems delivering fast-scanning and super-resolution on an 
inverted microscope.

The boundaries for performance of analytical instrumentation are continually being pushed to the limits. In the world of atomic force microscopy, 
AFM, JPK Instruments have launched a new AFM system capable of delivering fast-scanning and super-resolution on a single instrument platform, 
the NanoWizard® ULTRA Speed AFM. The fast scanning NanoWizard® ULTRA Speed AFM is important to users as it enables the tracking of changes 
in samples in real time whether the sample be imaged in air or liquid. Scanning at speeds of greater than 100Hz line rate with excellent, true atomic 
resolution in closed-loop mode is enabled by the enhanced low noise of scanner, position sensor and detection system. The new AFM system uses JPK’s 
unique QI™ (Quantitative Imaging) mode to provide quantitative material property mapping.

As with previous NanoWizard® systems, the ULTRA Speed AFM may be fully integrated with an inverted optical microscope thanks to its tip-scanning 
design and DirectOverlay™ mode for the most precise correlative microscopy. Similarly, the system provides extensive force measurement capability 
making measurements on single molecules or on living cells thanks to the JPK RampDesigner™ and ExperimentPlanner™. The system is fully compatible 
with JPK’s unsurpassed range of imaging modes and accessories especially for environmental control of the sample.

Speaking about the announcement of the NanoWizard® ULTRA Speed AFM, founder and Chief Technical Officer, Torsten Jähnke, said that “Once again JPK have set a new standard in terms of resolution 
paired with scan speed. We have managed to develop the lowest noise cantilever deflection system which, when put with our latest fast, high bandwidth electronics, is able to deliver the most accurate 
force control system even on the most delicate of samples, perfect for users studying biological or other soft matter systems. It is the best multipurpose, fast and high-resolution machine on an inverted 
microscope today.”
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