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Autophagy is an important cellular 
catabolic process that plays a variety 

of important roles, including mainte-
nance of the amino acid pool during star-
vation, recycling of damaged proteins 
and organelles, and clearance of intra-
cellular microbes. Currently employed 
autophagy detection methods include 
fluorescence microscopy, biochemical 
measurement, SDS-PAGE and western 
blotting, but they are time consuming, 
labor intensive, and require much expe-
rience for accurate interpretation. More 
recently, development of novel fluores-
cent probes have allowed the investi-
gation of autophagy via standard flow 
cytometry. However, flow cytometers 
remain relative expensive, large in size, 
and require considerable effort to main-
tain. Previously, image-based cytometry 
has been shown to perform automated 
fluorescence-based cellular analysis com-
parable to flow cytometry. In this study, 
we developed a novel method using the 
Cellometer image-based cytometer in 
combination with Cyto-ID® Green dye 
for autophagy detection in live cells. The 
method is compared with flow cytom-
etry by measuring macroautophagy in 
nutrient-starved Jurkat cells. Results 
demonstrate similar trends of autophagic 
response, but different magnitude of 
fluorescence signal increases, which may 
arise from different analysis approaches 
characteristic of the two instrument 
platforms. The possibility of using this 
method for drug discovery applications 
is also demonstrated through the mea-
surement of dose-response kinetics upon 
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induction of autophagy with rapamycin 
and tamoxifen. The described image-
based cytometry/fluorescent dye method 
should serve as a useful addition to the 
current arsenal of techniques available 
in support of autophagy-based drug dis-
covery relating to various pathological 
disorders.

Introduction

Autophagy is an important evolution-
arily conserved cellular catabolic process 
characterized by a set of complex and 
highly regulated events that lead to the 
engulfment of misfolded proteins, pro-
tein complexes, and entire organelles in 
double-membrane sequestering vesicles 
referred to as autophagosomes.1,2 The pro-
cess is involved in diverse biological events 
including starvation, protein and organ-
elle turnover, development, aging and cell 
death. Under physiological conditions, 
autophagy plays a variety of important 
roles including maintenance of the amino 
acid pool during starvation, damaged pro-
tein and organelle turnover, prevention of 
neurodegeneration, tumor suppression, 
cellular differentiation, clearance of intra-
cellular microbes and regulation of innate 
and adaptive immunity.1,3-6 Autophagic 
activity is typically low under basal condi-
tions, but can be markedly upregulated by 
a variety of physiological stimuli. The most 
well-known autophagy inducer is nutrient 
starvation, both in cultured cells and in 
intact organisms, ranging from yeast to 
mammals. Besides starvation, autophagy 
can also be activated by physiological 
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image-based cytometry.27 The described 
combination of automated fluorescence 
imaging and data processing allows rapid 
analysis of autophagic flux and addresses 
some of the limitations encountered using 
other detection methods.20 The image-
based cytometry/fluorescent dye workflow 
provides useful advantages compared with 
other commonly implemented techniques 
used in the field and should find applica-
tion in performance of autophagy-based 
drug discovery studies relating to a variety 
of pathological disorders.

Results

Validation of Cyto-ID® Green autoph-
agy dye using fluorescence microscopy. 
To validate the staining capability of 
Cyto-ID® Green autophagy dye, fluo-
rescence microscopy images of starva-
tion- and drug-treated HeLa cells were 
captured digitally as shown in Figure 3. 
The starvation experiment with HeLa 
cells (Fig. 3A) showed an obvious increase 
in the Cyto-ID® fluorescence signals. 
For the rapamycin treatment experiment 
(Fig. 3B), the control and the sample 
with 3-MA displayed low green fluores-
cence signal as expected, while the sample 
treated with rapamycin in the absence of 
3-MA showed an increase in green fluores-
cence signal, which indicated higher levels 
of autophagy. To validate the specificity 
of the dye, HeLa cells were transfected 
with RFP-LC3 and treated with tamoxi-
fen (Fig. 3C). Under fluorescence micros-
copy, the green fluorescence was found 
to be associated with punctate structures 
that colocalized with the red fluorescence 
of RFP-LC3. Note that RFP-LC3 was not 
uniformly expressed in all cells, due to the 
limited transfection efficiency.

Comparison of starvation and recov-
ery assay using image-based and flow 
cytometry. Perhaps the most well-char-
acterized autophagy inducer is nutrient 
starvation, having been investigated both 
in cultured cells and in intact organisms, 
ranging from yeasts to mammals. In 
response to starvation, autophagy medi-
ates generation of vital nutrients, such 
as amino acids, by degrading nonessen-
tial or damaged subcellular components. 
Starvation was induced by incubating 
Jurkat cells in EBSS media for 2 h, and 

a novel fluorescent probe, Cyto-ID® 
Green autophagy dye, has been devel-
oped to facilitate the investigation of the 
autophagic process.16-18 The fluorescent 
probe has been shown to generate compa-
rable autophagic detection as conventional 
western blotting, and the specificity of the 
dye has been validated using flow cytom-
etry.16 However, flow cytometers remain 
relatively expensive, large in size, and 
require considerable effort to maintenance 
in good working order. In addition, con-
ventional flow cytometers do not provide 
imaging capabilities, which may lead to 
some uncertainties in the measurements, 
such as artifacts arising from nonspecific 
dye binding or autofluorescence. Recently, 
a flow cytometer with imaging capability 
(Amnis, ImageStream) has been imple-
mented for the detection of autophagy,19 
but the relative high instrument cost 
may be a barrier for adoption by smaller 
research laboratories.

Previously, Cellometer image-based 
cytometry (Fig. 1) has been shown to 
perform rapid fluorescence-based cellular 
analysis comparable to flow cytometry, 
specifically with respect to the measure-
ment of apoptosis.20-23 In this study, a 
novel method using the Cellometer image 
cytometry in combination with Cyto-ID® 
Green autophagy dye is presented for 
detecting autophagy in live cells (Fig. 2). 
First, Cyto-ID® Green autophagy dye was 
validated by observing co-localization of 
the dye and RFP-LC3 in HeLa cells using 
fluorescence microscopy. Next, image-
based and flow cytometry-based methods 
are benchmarked for measuring macroau-
tophagic signals in nutrient-starved Jurkat 
cells. Autophagic signals of starved Jurkat 
cells induced with an autophagy inhibi-
tor were also quantified and compared 
using the two instrument platforms.24 In 
order to establish the feasibility of employ-
ing the imaging-based workflow for drug 
discovery applications, a time-course 
study of the induction of autophagy in 
Jurkat (suspension) and PC-3 (adherent) 
cells treated with rapamycin was under-
taken,25,26 demonstrating the ability to 
detect autophagy with a similar sensitiv-
ity as the starvation model. Finally, direct 
dose-response comparisons of two small 
molecule autophagy inducers, rapamy-
cin and tamoxifen, were performed using 

stress stimuli such as hypoxia, energy 
depletion, endoplasmic reticulum stress, 
elevated temperature, high density growth 
conditions, hormonal stimulation, phar-
macological agent treatment and innate 
immune signaling. In addition, diseases 
such as viral, bacterial, or parasitic infec-
tions as well as various protein aggregopa-
thies (e.g., Alzheimer, Huntington and 
Parkinson diseases), heart disease, acute 
pancreatitis and cancer also lead to the 
activation of autophagy.7,8

Morphological and biochemical studies 
have shown that autophagy is a multiple-
step process, where the autophagosome is 
delivered to the lysosome, degraded into 
its essential constituents, and recycled 
back to the cytoplasm. First, a signal that 
induces the formation of double-mem-
brane structures (phagophores) is believed 
to originate from both the endoplasmic 
reticulum and the mitochondrion. The 
phagophore can sequester portions of the 
cytoplasm along with proteins or damaged 
cellular organelles for degradation, dur-
ing which the ATG12–ATG5-ATG16L1 
complex and ATG8 (LC3) are localized to 
the formation region. Upon completion of 
autophagosome formation, the ATG12–
ATG5-ATG16L1 complex dissociates 
from the double-membrane leaving phos-
phatidyl ethanolamine modified LC3 and 
LC3-II. The autophagosome ultimately 
fuses with the lysosome to form an autol-
ysosome and its contents are degraded by 
various hydrolytic enzymes, including gly-
cosidases, proteases and sulfatases.9-11

Our understanding of autophagy has 
expanded tremendously in recent years, 
largely due to the identification of the 
many genes involved in the process, and 
the use of GFP-LC3 fusion proteins to 
visually monitor autophagosomes and 
autophagic activity both biochemically 
and microscopically.12,13 Identification of 
genes involved in the process and visualiza-
tion of autophagosomes using GFP-LC3 
have become commonplace methods to 
study autophagy. However, quantifica-
tion with fluorescence microscopy using 
monodasylcadaverine,13-15 biochemical 
methods, and detection of protein modi-
fications through SDS-PAGE and west-
ern blotting are time consuming, labor 
intensive, and require much experience 
for accurate interpretation.12 Recently, 
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Comparison of autophagic flux detec-
tion by image-based and flow cytometry. 
Autophagic flux refers to the progression 
and resolution of autophagy, which is a 
dynamic, multistep process that can be 
modulated at several steps. It is essential 
to distinguish autophagosome formation 
that indicates the induction of autophagy, 
and autophagic flux, which also deter-
mines whether the process of autophagy 
goes to completion. While complete 
cycles of autophagy will generally exert 
a cytoprotective effect, inhibition of the 
autophagy process can lead to the accu-
mulation of autophagosomes, therefore 
contributing to physiological dysfunction. 
Chloroquine is a known autophagy degra-
dation inhibitor, which increases the pH 

group, while the nutrient-starved group 
displayed the highest fluorescence inten-
sity values. The calculation for autophagy 
activity factor (AAF) values is described in 
Equation 1 in the Materials and Methods 
section,28 where the calculated AAF values 
are shown in Table 1 with noticeable dif-
ferences observed between the two detec-
tion methods. The increase in autophagic 
fluorescent signal for nutrient starvation 
was approximately 7.8 and 1.7 times for 
image-based and flow cytometry, respec-
tively. Jurkat cells did not completely 
recover to control fluorescence inten-
sity values after 1 h incubation in RPMI 
media, with AAF values of approximately 
1.5 and 1.2 determined for image-based 
and flow cytometry, respectively.

then the cells were allowed to recover in 
RPMI media for 1 h. The bright-field and 
fluorescence images are shown in Figure 
4A, where noticeable fluorescence can be 
visually confirmed with nutrient-starved 
Jurkat cells compared with the low back-
ground signal in control and recovery 
samples. A comparison of fluorescence 
histogram results obtained with the 
Cellometer and FACS Calibur cytometers 
is shown in Figure 4B. Profiles from the 
three samples were overlaid on the same 
histogram plot to facilitate identification of 
changes in fluorescence. The peaks in the 
plot showed comparable response trends 
using both instrumentations, where the 
control group showed the lowest fluores-
cence intensity, followed by the recovery 

Figure 1. optical block diagram of the Cellometer Vision. The Cellometer Vision contains three signal acquisition/detection features: (1) Bright-field 
light source allows transmission light microscopy image analysis. (2) Fluorescence excitation light source in combination with excitation, dichroic and 
emission filter set allows epi-fluorescence imaging analysis. (3) Cellometer imaging software allows analysis of cell concentration, size and fluores-
cence intensity measurement.
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autophagosomes is most noticeable after 
100 μM treatment for 18 h incubation 
with no observable cytotoxicity. The 
time-dependent dose response AAF values 
are summarized in Figure 7A, where the 
autophagy level at 4 and 8 h showed com-
parable signals, but increased by approxi-
mately 1.5 times when incubation time 
reached 18 h.

Autophagy was also induced in PC-3 
adherent cells by incubating in 1, 10 and 
100 μM rapamycin for 4 h. The bright-
field and fluorescent images are shown 
in Figure 8, documenting an obvious 
increase in fluorescence signal intensity as 
well as Cyto-ID® positive cell populations. 
The calculated AAF increased from 13.43 
to 35.99, and finally 41.35 for 1, 10 and 
100 μM treatments, respectively.

Comparison of rapamycin and tamox-
ifen dose response effects. In order to 
show the capability of utilizing image-
based cytometry as a screening tool for 
drug discovery applications, dose response 
measurements of rapamycin and tamoxi-
fen were compared. The Jurkat cells were 
incubated with various concentrations of 
rapamycin and tamoxifen for 18 h. The 
fluorescent images at each concentra-
tion of compounds are shown in Figure 
6A and B, and the dose response AAF 
values as a function of concentration are 
summarized in Figure 7B, demonstrat-
ing that rapamycin induced noticeably 
higher autophagy response compared with 
tamoxifen. Although rapamycin induced 
higher autophagy levels in the Jurkat cells, 
the compound did not induce cytotoxicity. 
On the other hand, tamoxifen displayed 
lower AAF values at each concentration, 
but induced cytotoxicity and disintegra-
tion of all cells at 100 μM.

Discussion

The ability to efficiently measure and 
analyze autophagy in living cells is of 
particular importance when screening for 
compounds that can potentially modify 
disease state, such as promoting clearance 
of misfolded proteins associated with neu-
rodegeneration, or inhibiting drug resis-
tance associated with cancer. In order to 
develop a novel and efficient method for 
autophagy detection, new technologies, 
both in instrumentation and reagents, 

Nutrient starvation in combination with 
chloroquine treatment, compared with 
nutrient starvation alone, resulted in a 
stronger increase in autophagic signal, 
in agreement with the known effects of 
chloroquine.

Time-dependent dose response effects 
in rapamycin-induced autophagy. Time-
dependent dose response measurements 
are important for determining the suit-
ability of target drugs or chemical com-
pounds. In this experiment, rapamycin 
was selected to demonstrate the capabil-
ity of image-based cytometry in measur-
ing an autophagic dose response effect. 
Rapamycin was incubated at various con-
centrations with Jurkat cells in suspension 
for 18 h and the autophagic fluorescence 
signals were measured at various time 
points (4, 8 and 18 h). The fluorescent 
images associated with each concentra-
tion of rapamycin as a function of incu-
bation time are shown in Figure 6A. By 
fluorescence imaging, the appearance of 

of the lysosome, therefore preventing the 
activity of lysosomal acid proteases and 
causing autophagosomes to accumulate. 
In this study, Jurkat cells were incubated 
with chloroquine for 2 h under conditions 
of nutrient starvation as well as the control 
conditions in order to observe differences 
in autophagic signals. Figure 5A shows 
the bright-field and fluorescence images 
of the control, control + CQ, nutrient-
starved and nutrient-starved + CQ Jurkat 
cells. The increase in fluorescence intensi-
ties could be visually and analytically con-
firmed in the fluorescence histogram plots 
(Fig. 5B). The calculated AAF values are 
displayed in Table 1. For image-based 
cytometry, the increase in autophagic sig-
nal was approximately 1.1, 2.0 and 2.6 for 
CQ only, nutrient-starved and nutrient-
starved + CQ groups, respectively. For 
flow cytometry, the increase in autophagic 
signal was approximately 1.1, 1.2 and 1.6 
for CQ only, nutrient-starved and nutri-
ent-starved + CQ groups, respectively. 

Figure 2. Data analysis method for autophagy detection. (A and B) The fluorescent and bright-
field images showed bright green fluorescent spots inside the Jurkat cells that represented Cyto-
ID® Green autophagy dye stained autophagosomes/autolysosomes. In addition, samples were 
stained with propidium iodide, shown in the fluorescent image as orange signal, which facilitated 
identification of dead cells and allowing for their elimination from data analysis. (C) The fluores-
cence of propidium iodide was plotted with respect to Cyto-ID® Green autophagy dye signal, and 
the nonviable propidium iodide-positive Jurkat cell signals were removed to allow analysis of only 
the viable cells in (D) the Cyto-ID® Green autophagy dye fluorescence histogram.
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autophagic signal relative to the control 
sample, as any autolysosomes generated 
by basal autophagy would accumulate 
due to blockage of the distal portion of 
the autophagic pathway. Experimentally, 
the addition of CQ showed only a small 
increase in the fluorescence signal, which 
likely indicates very low basal autophagy 
in the unstressed Jurkat cells. Results 
obtained from both the Cellometer Vision 
and FACS Calibur showed similar trends, 
as described above, but the AAF values 
differed between the two systems, possi-
bly due to the instrumentation differences 
as detailed above. Despite the quantita-
tive differences in the AAF values, which 
appear to be instrumentation-specific, 
these results demonstrated that the image-
based cytometric detection method 
could readily be implemented to examine 
autophagy.

In addition, it has been previously shown 
that sheer stress of flow cytometry may 
have some adverse effects on target cells.21 
It is important to note that flow cytom-
etry can analyze a much higher number of 
cells than image-based cytometry, which 
can improve statistical analysis of the data 
generated.

The ability to monitor autophagic flux 
was also an important benchmark for the 
validation of the novel detection workflow. 
Besides nutrient starvation, chloroquine 
was employed to inhibit lysosomal deg-
radation of autophagosomes. The expec-
tation was that autophagic signal would 
be the greatest for nutrient-starved Jurkat 
cells in the presence of CQ due to syner-
gistic interaction between the treatments, 
followed by starvation in the absence of 
CQ. Jurkat cells in the presence of CQ 
were expected to display an increase in 

must be considered to overcome liabili-
ties associated with standard methods. 
The Cellometer Vision has previously 
been used for advanced fluorescent cell-
based assay,20,21,23 providing a powerful 
tool for method development. In addition, 
Cyto-ID® Green autophagy dye has pre-
viously been shown to specifically stain 
autophagosomes in live cells and further 
confirmed in this work using fluorescence 
microscopy to demonstrate the colocaliza-
tion of RFP-LC3 and Cyto-ID® Green 
autophagy dye in a starvation model using 
HeLa cells. In order to develop the novel 
autophagy detection method, image-based 
cytometry was compared with conven-
tional flow cytometry in the measurement 
of autophagy in nutrient-starved Jurkat 
cells. The increase in Cyto-ID® Green 
autophagy dye fluorescence signals repre-
sents the formation of autophagosomes. 
Both methods showed a strong increase in 
autophagy in nutrient-starved cells, which 
decreased for cells that had been allowed 
to recover by returning them to standard 
media, but the calculated AAF values 
obtained with the two analytical platforms 
differed considerably. The differences may 
be attributed to the different detection sys-
tems implemented in image-based vs. flow 
cytometry. The FACS Calibur flow cytom-
eter uses a photo-multiplier tube (PMT) 
while the Cellometer Vision instrument 
uses a charge coupled device (CCD) for 
fluorescence measurement. Another reason 
for the observed differences in quantitative 
values obtained may arise from differences 
in data analysis methods. The flow cytom-
eter measures total fluorescence signals 
from each cell, while the image-based sys-
tem capture images and measure specific 
fluorescent intracellular vacuoles, such as 
autophagosomes, within the cells, which 
could potentially provide a more accurate 
representation of the detected signals. The 
Cellometer software can analyze fluores-
cence of cells using two methods. The first 
method involves a summation of the fluo-
rescent pixels in each cell to generate total 
fluorescence similar to a flow cytometry. 
The second method involves summation 
of high intensity fluorescent pixels within 
each cell which, given the resolution of the 
system (~1.30 μm2/pixel), would poten-
tially compare only the fluorescence of 
stained autophagosomes within the cell. 

Figure 3. Fluorescence microscopy images of autophagy-induced HeLa cells. (A) HeLa cells were 
incubated in EMEM (normal) or EBSS (minimal) medium at 37°C for 1 h. Following the incubation, 
both starved and control cells were stained with Cyto-ID® Green autophagy dye and Hoechst 33342 
(pseudo color green and blue). A clear increase in green fluorescence was observed in nutrient-
starved HeLa cells. Importantly, little to no staining of lysosomes in the control cells was observed. 
(B) HeLa cells were incubated in EMEM medium with 3 μM of rapamycin in the presence or ab-
sence of 10 mM of 3-MA at 37°C overnight. After overnight incubation, the cells were stained with 
Cyto-ID® Green autophagy dye. The rapamycin-induced accumulation of the dye was noticeably 
inhibited by the presence of 3-MA. (C) Transfected HeLa cells expressing RFP-LC3 (pseudo color 
red) were treated with 10 μM tamoxifen at 37°C overnight. After overnight incubation, the cells 
were stained with Cyto-ID® Green autophagy dye. The accumulation of green fluorescence mostly 
colocalized with the RFP-LC3 protein signal, indicating the specificity for autophagy detection.
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An essential aspect in developing a rapid 
autophagy detection method is to demon-
strate its ability to analyze samples under 
multiple conditions, which could poten-
tially be utilized for drug discovery appli-
cations. This capability was established 
using image-based cytometry to measure 
autophagic levels of Jurkat cells induced 
with rapamycin at various concentrations, 
as rapamycin is a small molecule that 
induces autophagy in an analogous man-
ner as nutrient starvation. Since rapamycin 
required at least 12 h of incubation in order 
to observe autophagy induction, the goal 
was to demonstrate the ability for image-
based cytometry to measure dose response 
effects as a function of incubation period 
over a relatively long time period. Overall, 
image-based cytometry was able to detect 
the differences in autophagic levels across 
the various incubation periods. In Figure 
7, the autophagic signals (as measured by 
AAF values) were obviously the highest 
after 18 h of incubation. However, a slight 
decrease in AAF values at shorter incuba-
tion periods of 8 h was observed compared 
with 4 h. This could be due to the failure 
to allow the cells to fully recover after the 
initial drug treatment. Since many auto-
phagy studies involve the use of adherent 
cells, the human prostate cancer cell line, 
PC-3 was selected to benchmark the capa-
bility of the image-based cytometry work-
flow. The resolution of Cellometer Vision 
was sufficient to image and measure fluo-
rescent autophagosomes (puncta), as indi-
cated in both fluorescent images captured 
by the system and fluorescence intensity 
histograms generated.

In addition to measuring time-depen-
dent dose response of rapamycin, it was 
also important to demonstrate the ability 
to compare autophagic effects of multiple 
compounds, which can prove useful in a 
drug discovery campaigns wherein lead 
compounds are being selected. Tamoxifen 
was employed as an alternative to rapamy-
cin in this context. Previously, we deter-
mined that 18 h incubation generated 
a robust tamoxifen response, thus both 
small molecule compounds were exam-
ined for this period of time. The analysis 
revealed that at the same concentration, 
rapamycin induced a higher level of auto-
phagy than tamoxifen. However, 100 μM 
tamoxifen actually proved to be somewhat 

Figure 4. Starvation and recovery assay. (A) Bright-field and fluorescent images of control, 
recovery and nutrient-starved Jurkat cells. The fluorescent images show strong fluorescence in 
the nutrient-starved Jurkat cells compared with the control and recovered samples. However, it 
was difficult to visually distinguish the fluorescence intensities between the control and recovered 
samples without examining the fluorescence histograms. (B) Fluorescence histograms measured 
using the Cellometer Vision and FACS Calibur instruments showed comparable trends, wherein 
nutrient-starved Jurkat cells displayed the highest fluorescence peak, followed by recovery and 
control samples.

Table 1. Comparison of calculated AAF values between the Cellometer Vision and FACS Calibur 
cytometers

Starvation and Recovery

Cellometer (AAF) FACS Calibur (AAF)

Starvation 87.18 42.65

Recovery 32.58 13.57

Autophagic Flux

Cellometer (AAF) FACS Calibur (AAF)

CQ only 6.21 6.83

Starvation 51.03 17.64

Starvation + CQ 61.05 39.08

The AAF values of the Cellometer were higher than the FACS Calibur instrument for both starva-
tion and recovery experiments, and autophagic flux experiments, which is likely due to the 
specificity of the image-based cytometry to measure only fluorescent positive autophagosomes 
and not background nonspecific fluorescence.
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target fluorescence without compromis-
ing the AAF calculation. While the fluo-
rescence exposure times used with the 
Cellometer Vision are longer than instru-
ments using high power lasers or LEDs, 
fluorescence photobleaching becomes less 
of an issue when performing cell-based 
assays. One future improvement to the 
Cellometer image-based cytometer would 
be to develop a higher throughput auto-
mated system that can analyze more cells 
for better statistical analysis, as well as the 
ability to analyze multiple samples, facili-
tating higher-throughput cell-based drug 
screening of inhibitors and activators of 
autophagy, apoptosis, necrosis and other 
physiological phenomena of interest.

Materials and Methods

Image-based cytometry instrumenta-
tion and disposable counting chamber. 

or compensation requires running pre-
cious cell samples, image-based cytom-
eters generally utilize disposable slides 
that hold the cells in a stationary state, 
thus samples are not wasted during ini-
tial calibration of signal detection, such as 
optimization of exposure time adjustment 
or focusing. More importantly, the abil-
ity to capture images allows researchers 
to visually inspect acquired fluorescence 
data, such as data generated from starva-
tion and recovery experiments. This can 
prove useful in order to identify cytotoxic-
ity as a complicating side-effect of a drug 
treatment regime that leads to autophagy. 
Since the disposable counting slides are 
plastic, autofluorescence can occur with 
the excitation and emission of Cyto-ID® 
Green autophagy dye, which may give rise 
to high background signals. However, the 
software can automatically remove the 
background signal to obtain the actual 

cytotoxic, leading to Jurkat cell death 
after 18 h incubation. In this experiment, 
image-based cytometry was able to verify 
the cytotoxicity effect of tamoxifen at 
high concentration, which proved to be 
useful in eliminating uncertainties from 
results that only plotted as scatter plots or 
histograms.

Image-based cytometry has been 
shown to generate comparable results as 
standard flow cytometry for fluorescence-
based cellular analysis.20,21 Image-based 
cytometry may offer certain advantages in 
detection and analysis of response in cell-
based assays. For example, cell sample vol-
ume requirements typically ranges from 
10 to 40 μl for image-based cytometers, 
which means the number of cells used are 
significantly reduced compared with a 
typical flow cytometer, requiring volumes 
of 300 to 500 μl. Unlike flow cytometer, 
where the initial setup of PMT voltages 

Figure 5. Autophagic flux measurements. (A) Bright-field and fluorescent images of control, CQ only, nutrient-starved and nutrient-starved + CQ 
Jurkat cells. Visually, the fluorescence signals of control and nutrient-starved vs. their respective CQ counterparts did not show noticeable increases 
in signal. (B) By observing the fluorescence histograms, however, similar trends were observed using the Cellometer Vision and FACS Calibur instru-
ments, wherein nutrient-starved + CQ treatment samples showed the highest signals, followed by nutrient-starved treatment samples, CQ only treat-
ment samples and control samples.
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cells (ATCC, CRL-1435) were cultured 
and grown to 70% confluence in F-12K 
medium (ATCC, 30-2004) supplemented 
with 10% fetal bovine serum and 1% 
pen/strep antibiotics in a 24-well plate 
(BD, 353047). Human cervical adeno-
carcinoma epithelial HeLa cells (ATCC, 
CCL-2) were cultured in Eagle’s mini-
mum essential medium (EMEM, Sigma-
Aldrich, M2279) with low glucose, 
supplemented with 10% fetal bovine 
serum and 1% of pen/strep. The cell cul-
ture was maintained in an incubator at 
37°C and 5% CO

2
.

The Cyto-ID® Green autophagy dye 
was provided as a component of a kit by 
Enzo Life Sciences, Farmingdale, NY 
(ENZ-51031-K200). The kit also included 
Hoechst 33342, tamoxifen (50 mM) and 
10× assay buffer. The probe is a cationic 
amphiphilic tracer (CAT) dye that rapidly 
partitions into cells in a similar manner 
as many cationic drugs. The dye is taken 
up by passive diffusion across the plasma 

position by a stage, which automatically 
moves to four locations on the chamber 
for cellular analysis by the Cellometer 
software. The software analyzes three 
image channels (BR, FL1 and FL2) and 
generates a fluorescent data set that is 
automatically exported to FCS Express 
4 Flow Cytometry (De Novo Software). 
In this work, FL1 and FL2 images were 
specifically analyzed for Cyto-ID® Green 
autophagy dye and propidium iodide fluo-
rescence, respectively. The concentration 
dynamic range of Cellometer Vision is 1 
× 105–7 × 107 cells/ml. Acquisition of the 
images and cell analysis requires less than 
2 min, depending on the exposure time of 
the two fluorescent channels.

Cell lines and reagents preparation. 
The Jurkat cell line (ATCC, TIB-152) 
was cultured and grown to log phase in 
RPMI medium (30-2001) supplemented 
with 10% fetal bovine serum (FBS, 
ATCC, 30-2020) and 1% pen/strep anti-
biotics (Sigma-Aldrich, P4458). PC-3 

The Cellometer Vision instrumentation 
has been described previously.20 The sys-
tem utilizes bright-field (BR) and dual-
fluorescent (FL1 and FL2) imaging modes 
to quantitatively analyze and measure the 
fluorescence intensities of target cells (Fig. 
1). Bright-field imaging uses a white light-
emitting diode (LED) and fluorescent 
imaging uses two different monochro-
matic LEDs (470 and 525 nm) as the exci-
tation light sources. The monochromatic 
LEDs are combined with two specific fil-
ter optics modules (excitation/emission), 
VB-535-402 (475/535 nm) and VB-595-
502 (525/595 nm). The overall resolution 
of the Cellometer Vision is a combination 
of optical magnification and camera reso-
lution, which results in a digital imaging 
capability of ~1.30 μm2/pixel. Typically, 
the fluorescently stained cell sample is 
pipetted into Nexcelom’s disposable count-
ing chambers, which hold precisely 20 μl 
volume and have a fixed height of less than 
100 μm. The counting chamber is held in 

Figure 6. Combined fluorescent images of Cyto-ID® Green autophagy dye and propidium iodide stained Jurkat cells. (A) Time-dependent dose 
response analysis of rapamycin-induced autophagy stained with Cyto-ID Green autophagy dye (pseudo color green) and propidium iodide (pseudo 
color orange). The green fluorescent autophagosomes inside the Jurkat cells increased as the rapamycin concentration increased, demonstrating 
the brightest fluorescence intensity after 18 h treatment with 100 μM of drug. (B) As for the dose response comparison at 18 h between rapamycin 
and tamoxifen, it was noticeable in the images that rapamycin (shown in Fig. 6A) induced higher fluorescence signals in the Jurkat cells. In addition, 
tamoxifen was found to be highly cytotoxic at 100 μM, with most of the Jurkat cells losing viability at this concentration of drug.
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μl of 1× assay buffer before imaged-based 
or flow cytometric analysis, respectively. A 
slight modification was made in the stan-
dard protocol, wherein instead of using 
live cell-permeable Hoechst 33342 dye 
for total cells detection, live cell imperme-
able propidium iodide (10 μl) was used to 
facilitate exclusion of the nonviable cells in 
the sample during data analysis.

Validation of Cyto-ID® Green auto-
phagy dye. The Cyto-ID® Green auto-
phagy dye has been shown previously to 
specifically detect autophagy in live cells.16 
In order to validate the staining capa-
bility of the dye, two experiments were 
performed using HeLa cells. First, HeLa 
cells were incubated overnight in EMEM 
medium, and 3 μM of rapamycin in the 
absence or presence of 10 mM 3-methyl-
adenine (3-MA, Sigma-Aldrich, M9281), 
a known autophagy inhibitor. After over-
night incubation, the treated HeLa cells 
are stained with Cyto-ID® autophagy dye 

membrane bilayer and does not require 
protein binding or transporter activity. 
Careful selection of titratable functional 
moieties on the dye prevents its accumula-
tion within lysosomes, but enables labeling 
of vacuoles associated with the autophagy 
pathway. Additionally, an enhancement 
in the fluorescence emission intensity of 
the dye likely occurs upon compartmen-
talization with the lamellar membrane 
structures associated with autophagic 
vesicles. We and others have generated 
data documenting the dye’s selectivity for 
autophagic vesicles. The excitation and 
emission maxima of the dye are 463 and 
534 nm, respectively. Propidium iodide 
was acquired from Nexcelom Bioscience 
(CS1-0109-5ML) and used as is for fluo-
rescently staining nonviable Jurkat cells, 
in order to exclude the necrotic cells dur-
ing data analysis.

For performance of starvation and 
recovery experiments, Earle’s balanced 
salts solution (EBSS, E2888) was obtained 
from Sigma-Aldrich and used as the nutri-
ents-deprived media. For autophagic flux 
experiments, chloroquine (CQ, C6628) 
and dimethyl sulfoxide (DMSO, D8418) 
were obtained from Sigma-Aldrich, and 
the CQ was diluted directly into the 
DMSO to a concentration of 30 mM 
before use. For drug treatment, rapamycin 
and ethanol were obtained from Sigma-
Aldrich (R0395), and the rapamycin was 
diluted directly into ethanol to a final con-
centration of 20 mM.

Cyto-ID® Green autophagy dye stain-
ing procedure for autophagy detection. 
The Cyto-ID® Green autophagy dye was 
prepared following the protocol from the 
manufacturer. The 10× assay buffer was 
allowed to warm to room temperature 
and then diluted to 1× with 9 ml of deion-
ized H

2
O and 1 ml of the buffer. The 

Cyto-ID® Green autophagy dye solution 
was prepared by mixing 8 μl of the dye 
and 4 ml of 1× assay buffer. The collected 
suspension cells should be adjusted to a 
final concentration of approximately 1 × 
106 cells/ml. The cell sample is centrifuged 
for 5 min at 1400 rpm, and 100 or 500 μl 
of the dye is pipetted in for image-based or 
flow cytometry, respectively. The sample is 
shielded from exposure to direct light and 
incubated for 30 min at 37°C, followed by 
a wash and resuspension with 100 or 500 

for 10 min at 37°C. In addition, HeLa 
cells were incubated in EBSS or EMEM 
medium for 1 h at 37°C. Following the 
incubation, both starved and control sam-
ples were incubated with Cyto-ID® Green  
autophagy dye and 10 μM of Hoechst 
33342 for 15 min at 37°C before analysis.

In order to demonstrate colocalization 
of the dye with another autophagy marker, 
HeLa cells at 70% confluence were trans-
fected using PremoTM Autophagy Sensor 
LC3B-RFP (Invitrogen, P36236) fol-
lowing manufacturer’s instruction. HeLa 
cells cells were then incubated overnight 
in EMEM medium with 10 μM of 
tamoxifen. After overnight incubation, 
the treated HeLa cells were stained with 
Cyto-ID® Green autophagy dye for 10 
min at 37°C.

The stained HeLa cells were ana-
lyzed using a fluorescence microscope 
(Carl Zeiss) with a 63× magnification. 
Cyto-ID® Green autophagy dye, Hoechst 

Figure 7. Calculated AAF values for drug dose response effects in Jurkat cells. (A) The calculated 
AAF values for rapamycin showed approximately 20% increase in autophagy at 18 h incubation. 
The 4 and 8 h samples were comparable, indicating rapamycin required more than 8 h of incuba-
tion in order to induce noticeable autophagy. (B) Both visually and analytically, rapamycin showed 
higher autophagic signals than tamoxifen after 18 h incubation. It was interesting to note that 
tamoxifen induced cytotoxicity at the highest concentration in contrast to rapamycin.
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detection in adherent cells, PC-3 cells 
were treated with rapamycin at 1, 10 and 
100 μM for 4 h. After 4 h treatment, 
rapamycin-containing media was aspi-
rated off and trypsin-EDTA 1× solution 
(ATCC, 30-2101) was added for trypsin-
ization at 37°C and 5% CO

2
 for 20 min. 

Cells were then centrifuged at 2000 rpm 
and resuspended in the Cyto-ID® Assay 
buffer before performing autophagy stain-
ing. Fluorescence measurements were 
performed after 4 h treatment using the 
image-based cytometer.

Comparison of dose-response profiles 
of rapamycin and tamoxifen. The dose 
response effects of rapamycin and tamoxi-
fen were analyzed using image-based 
cytometry to demonstrate the ability of 
screening small molecule modulators in a 
drug discovery context. Five solutions were 
prepared using RPMI media 0.01, 0.1, 1, 10 
and 100 μM final concentration of rapamy-
cin and tamoxifen. The Jurkat cells were 
centrifuged and resuspended in each solu-
tion, including controls with only RPMI 
medium supplemented with ~1% ethanol 
or DMSO (vehicle controls for rapamycin 
or tamoxifen, respectively). Each sample 
was incubated in cell culture flasks before 

to prevent the degradation of auto-
phagosomes. Jurkat cells were collected 
and used to prepare four samples: control, 
nutrient-starved, control + CQ and nutri-
ent-starved + CQ. The final concentration 
of CQ was approximately 30 μM with 
~1% of DMSO in all samples. The cells 
are incubated in each condition for 2 h 
and analyzed with image-based and flow 
cytometry for comparison.

Time-course measurement of rapamy-
cin-induced autophagy. In order to show 
the capability of image-based cytometry 
for dose-response analysis, rapamycin was 
selected to induce autophagy in the Jurkat 
cells. Five rapamycin solutions were pre-
pared using RPMI media at 0.01, 0.1, 1, 
10 and 100 μM final concentration with 
~1% ethanol. The Jurkat cells were centri-
fuged and resuspended in each rapamycin 
solution, including a control with only 
RPMI medium and ~1% ethanol. Each 
sample was incubated in cell culture flasks 
before Cyto-ID® Green autophagy dye 
and propidium iodide staining. Analysis 
was performed at 4, 8 and 18 h using the 
image-based cytometer.

To demonstrate the capability of 
image-based cytometry for autophagy 

33342 and RFP were examined using the 
FITC, DAPI and Texas Red filter set, 
respectively.

Starvation and recovery experiments. 
Jurkat cells were collected from the cul-
ture media and centrifuged in two centri-
fuge tubes with equal volume. The control 
tube was resuspended in RPMI cell cul-
ture media, while the cells in the second 
tube were washed three times and incu-
bated with EBSS media to induce amino 
acid starvation. The cells in both tubes 
were transferred to cell culture flasks for 2 
h incubation at 37°C. After 2 h, each cell 
sample was collected and stained follow-
ing the procedure described above. The 
stained cells were then analyzed by image-
based and flow cytometry. Nutrient-
starved Jurkat cells were then centrifuged 
and resuspended in RPMI media for a 1-h 
recovery period. After recovery, the stain-
ing procedure was repeated and the cells 
were analyzed again by image-based and 
flow cytometry.

Autophagic flux assay. An autophagic 
flux assay was performed to further 
compare image-based and flow cytom-
etry. The experiment utilized an auto-
phagy inhibitor compound, chloroquine, 

Figure 8. Rapamycin-induced autophagy in PC-3 cells. Bright-field (top) and fluorescent (middle) images of PC-3 cells induced with 0, 1, 10 and 100 μM 
of rapamycin for 4 h. The fluorescent images clearly showed the increase in fluorescence and population of Cyto-ID® Green autophagy dye-stained PC-3 
cells, confirmed by the fluorescence histogram (bottom), showing increase in average fluorescence intensity as rapamycin concentration increased.
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Flow Cytometry software and each sample 
was analyzed in duplicate.

Statistical analysis. Image-based and 
flow cytometry data were analyzed by 
comparison of mean fluorescence, through 
the calculation of the autophagy activity 
factor (AAF) shown in Equation 1:

wherein MFI
treated

 and MFI
control

 are the 
mean fluorescence intensity values from 
treated and control samples. This metric 
is based upon a similar approach that is 
commonly employed in the assessment 
of fluorescent signal between control 
and treated groups in multidrug resis-
tance experiments, using a term referred 
to as multidrug resistance activity factor 
(MAF).28 AAF is a unitless term measured 
as the difference between the amount of 
the Cyto-ID® Green autophagy dye accu-
mulated within cells in the presence and 
absence of an autophagy inducer. The 
fluorescence measurement in the presence 
of the autophagy inducer constitutes the 
maximal potential fluorescence for the 
given cell population when autophagic 
vesicles have been generated. This can rep-
resent a standardization method, which 
eliminates unknown cell type-specific 
variables that may influence dye accumu-
lation, such as cell size, morphology and 
volume, allowing the potential for intra- 
and interlaboratory comparison of results.
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