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SUMMARY

Cancer cells exhibit a high degree of metabolic
flexibility that distinguishes them from their non-
cancerous counterparts. Their reliance on glycolysis,
even in oxygen-rich environments, is known as
aerobic glycolysis (Warburg effect) and is one of these
metabolic adaptations. While the Warburg effect is well-
documented, its relationship to glucose availability
remains unexplored. Since the Warburg effect drives
cancer cells to preferentially consume glucose, acute
glucose starvation directly disrupts this, yet, little is
known about how HeLa cells metabolically respond when
glucose is reintroduced after starvation. Understanding
how cancer cells regulate their metabolic phenotype
has potential implications for therapy efficacy and
resistance. We hypothesized that this re-feeding would
push the cells toward rapid activation of their glycolytic
pathways, consistent with the Warburg effect. We used
two-photon Florescence Light Imaging Microscopy
to track redox-sensitive parameters of nicotinamide
adenine dinucleotide phosphate (NAD[P]H) and flavin
adenine dinucleotide (FAD) in three different fields
of view in three states—starved, 20 minutes post-—
glucose introduction, and 40 minutes post—glucose
introduction—for starved and non-starved cells. Most
cells shifted toward a more reduced state within the first
20 minutes following glucose reintroduction due to an
increase in glycolysis, supporting our initial hypothesis.
However, by 40 minutes, the cells exhibited diverging
responses: some remained suppressed in regards to
aerobic respiration, while others recovered back to
oxidative phosphorylation. This indicates that although
the initial effect of re-feeding is uniform, over time, there
is variance in their metabolic response. Clinically, these
findings underscore the importance of accounting for
metabolic heterogeneity when treating cancer, as it can
completely change resistance and overall efficacy of the
therapy.

INTRODUCTION

Cellular metabolism is the foundation of biological
function, playing a crucial role in governing the generation
and utilization of the energy molecule adenosine triphosphate
(ATP), which drives essential cell processes (1). The two
main pathways by which cells generate ATP are glycolysis,
occurring in the cytoplasm independent of oxygen, and
oxidative phosphorylation (OXPHOS), taking place in the
mitochondria in an oxygen-dependent process. Although
OXPHOS has a substantially higher yield of ATP per glucose
molecule (32—38 ATP), cancer cells often favor the much less

efficient anaerobic counterpart, glycolysis (2 ATP), a well-
documented phenomenon known as the Warburg effect (1,
2). The rapid generation of energy through glycolysis, along
with the biological intermediates and substrates it produces,
is suggested to be the main reason cancer cells prefer this
mechanism over OXPHOS, as both support rapid proliferation
(3).

The availability of glucose lies at the heart of this
metabolic pathway-determining process. With its role as the
primary supply of carbon, glucose contributes to whether
cells engage in glycolysis or OXPHOS (4). Additionally,
the availability of oxygen is a major factor in this metabolic
decision: OXPHOS is dependent on oxygen, while glycolysis
is not. In cancer specifically, cells often exhibit increased
uptake of glucose, and deprivation of this vital nutrient can
lead to severe metabolic stress (1). Previous studies have
suggested that cancer cells that are exposed to brief nutrient
stress often survive by using their metabolic flexibility—the
ability to prioritize OXPHOS or glycolysis when necessary for
the cell (4,5). Being able to understand how quickly and to
what extent cancer cells recover from stress could provide
new perspectives on therapeutic limitations in tumors that
heavily rely on glycolysis. Experimentally supplementing
starved cancer cells with glucose, combined with quantitative,
single-cell analysis, is an especially useful method to test the
heterogeneity of response to metabolic stimuli.

To address this, we used two-photon Fluorescence
Lifetime Imaging Microscopy (FLIM), a technique that uses
the autofluorescent properties of nicotinamide adenosine
dinucleotide phosphate (NAD[P]H) and flavin adenine
dinucleotide (FAD) to generate data on the metabolic state
of the cells being studied. These two cofactors play a vital
role in the reduction-oxidation (redox) reactions of glycolysis
and OXPHOS, making them the ideal trackers of live-cell
metabolism (6). NAD(P)H, a combined signal of NADH and
NADPH, reflects cellular redox state; NADH functions as
a key electron carrier donating reducing equivalents to the
mitochondrial electron transport chain during OXPHOS
to drive ATP synthesis, while NADPH primarily supports
biosynthetic and antioxidant processes O (6, 7). FAD is
reduced to FADH, during the TCA cycle (notably at succinate
dehydrogenase, which is also Complex Il of the electron
transport chain) and is subsequently oxidized in OXPHOS,
directly feeding electrons into the respiratory chain and
reflecting mitochondrial oxidative activity (8). FLIM specifically
differentiates between the free and enzyme-bound states
of NAD(P)H and FAD, which correlate to glycolysis and
OXPHOS, respectively (9). Several previous studies have
validated that the utility of FLIM-based parameters for the
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evaluation of cellular metabolic states, such as the bound
fractions of NAD(P)H-a2% and FAD-a1%, their ratios, and
Fluorescence Lifetime Redox Ratio (FLIRR) (10, 11). NAD(P)
H-a2% is the proportion of enzyme-bound NAD(P)H and
is commonly used as an indicator of oxidative metabolic
activity (6, 9). Conversely, FAD-a1% represents the fraction
of bound FAD, which decreases when cells shift toward more
glycolytic states (9, 12). Combining these metrics into redox
ratios provides a more holistic view of cellular metabolism (6,
13). FLIRR, which is the ratio of NAD(P)H-a2% to FAD-a1%,
offers a measure of whether the cell is using more glycolytic
or oxidative processes to create ATP (9, 12).

In this study, we aimed to use FLIM to track metabolic
changes in glucose-deprived HelLa cells over a period of
40 minutes in 20-minute intervals. We used Hela cells
because they were cancer cells and because they were
readily available during the study period. Additionally, they
have been shown to exhibit the Warburg effect, meaning they
favor glycolysis. We hypothesized that re-feeding of glucose
would lead to a rapid metabolic recovery, which would be
measured using redox-sensitive lifetime parameters of bulk
data of the entire field of view (FOV) and segmented data of
single cells. We found that the reintroduction of glucose to
starved Hel a cells resulted in an early shift toward a reduced
intracellular environment consistent with glycolysis. However,
after 40 minutes only a subset of cells recovered towards a
metabolic profile close to the control—highlighting cellular
heterogeneity in metabolism.

https://doi.org/10.59720/25-217

RESULTS

To investigate how glucose deprivation affects cellular
metabolism and whether metabolic recovery occurs upon
re-feeding, we used FLIM to track redox changes in Hela
cells over time. We placed HeLa cells in two environments:
a non-starved control and a starved state (in which glucose
was deprived). We imaged the non-starved control and the
starved group with confocal microscopy. After one hour, we
re-fed the glucose to the starved group and imaged them at 20
minutes post-introduction and 40 minutes post-introduction.

This setup allowed for the investigation of how Hela
cells recover metabolically in real time following nutrient
stress via glucose starvation. Although studies have found
that cancer cells favor glycolysis and exhibit significant
metabolic flexibility, the timing and uniformity of this metabolic
response after glucose reintroduction are not as well-known
(1, 2, 5). Monitoring NAD(P)H and FAD lifetimes pre- and
post-introduction of glucose allowed us to measure redox
changes and understand their metabolic significance. The
segmentation approach gave us insight into cell-to-cell
variability as well as the metrics for the whole population.

NADH(P)H and FAD have mean lifetimes (tm) which
refer to the weighted averages of their longevity (how long
the molecule stays in an excited state) and their fractional
contribution (how much each molecule contributes to the
overall fluorescence signal). NAD(P)H tTm / FAD t™m is the
ratio of these mean lifetimes and is crucial to quantifying
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Figure 1. Metabolic changes for whole HelLa cell field of views following glucose reintroduction, measured using fluorescence
lifetime imaging microscopy (FLIM). Bar graphs show mean + SD (standard deviation) for (A) NAD(P)H-a2% (Nicotinamide adenine
dinucleotide [phosphate] protein bound fraction), (B) NAD(P)H tm / FAD Tm (nicotinamide adenine dinucleotide [phosphate] to flavin adenine
dinucleotide mean lifetimes ratio), and (C) FLIRR (florescence lifetime redox ratio) under four treatment conditions: control, starved, 20
minutes post-glucose reintroduction (20 min), and 40 minutes post-glucose reintroduction (40 min). HeLa cells were glucose-starved for
one hour using HBSS and re-fed with 25 mM glucose before imaging. Error bars represent standard deviation. Here, metrics were averaged
across all segmented single cells combining all three FOVs (n=30). Unpaired, two sample t-tests were conducted on the data. *p<0.05 (“ns”

is not significant). .
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Parameter

Control average

Starved group average

NAD(P)H Tm / FAD Tm

0.9 (SD: 0.18)

1.15 (SD: 0.19)

NAD(P)H a2%

48% (SD: 4.1)

33% (SD: 3.9)

FLIRR

0.56 (SD: 0.08)

0.54 (SD: 0.09)

Table 1. Average values of the non-starved control average and starved group as measured by FLIM parameters. Shown are the
differences between the average control value of all three FOVs (fields of view) and the average starved group value of all three FOVs for
the three FLIM (florescence lifetime imaging microscopy) parameters measured. NAD(P)H Tm / FAD tm stands for nicotinamide adenine
dinucleotide (phosphate) mean lifetime to flavin adenine dinucleotide mean lifetime ratio. NAD(P)H a2% is the percentage of protein bound
nicotinamide adenine dinucleotide (phosphate). FLIRR stands for the florescence lifetime redox ratio.

change in metabolic activity. From the non-starved control to
the starved condition, this ratio showed a significant change
(p<0.05; Figure 1, Table 1). Relative to the starved group,
the ratio remained significantly decreased at 20 minutes post-
reintroduction (p<0.05) and at 40 minutes post-reintroduction
(p<0.05; Figure 1). In addition, the 40-minute time point
differed significantly from the non-starved control (p<0.05;
Figure 1). Across all three of the FOVs, the NAD(P)H tm /
FAD tm ratio decreased from the starved group to 20 minutes
post-reintroduction, with the change being most profound in
FOV 1 (Figure 2). However, a difference arose at 40 minutes:
FOV 3’s ratio continued to decrease, while FOV 1 and 2
showed partial recovery of the mean lifetimes ratio back to
their initial starved levels (Figure 2). At the single cell level
in FOV 1, 100% (three cells) of the cells’ ratio decreased at
20 minutes post-reintroduction, and one out of the three cells
(cell 1.01) showed a marginal increase in redox ratio (Figure
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Figure 2. Mean NAD(P)H-to-FAD lifetime ratio changes across
fields of view. Mean + SD (standard deviation) of NAD(P)H Tm / FAD
™m (nicotinamide adenine dinucleotide [phosphate] mean lifetime to
flavin adenine dinucleotide mean lifetime ratio) across three fields
of view (FOV1-FOV3) under non-starved (control), glucose-starved
(starved), 20 min post-glucose reintroduction (20 min), and 40 min
post-glucose reintroduction conditions (40 min). This lifetime ratio
reflects relative shifts in NAD(P)H and FAD fluorescence dynamics
associated with cellular metabolic state. Sample sizes were n=3
(FOV1), n=9 (FOV2), and n=18 (FOV3). Each bar represents the
mean FLIM-derived value across all segmented cells within a given
field of view. Error bars represent standard deviation.

3). Looking at FOV 2, 67% (six cells) of the cells exhibited
a decrease in ratio from the starved state to the first time
point, while the remaining cells increased. Among the cells
whose mean lifetimes ratio decreased, four increased at 40
minutes, while two remained suppressed (Figure 3). FOV
3 was different, however, with 17 out of the 18 cells (94%)
exhibited the initial decrease, but none had the later increase
at 40 minutes (Figure 3). Combining the metrics of all the
individual cells, 87% displayed a decrease from the control to
20 minutes, while only 17% exhibited an OXPHOS recovery
at 40 minutes (Table 2).

NAD(P)H-a2% reflects the percentage of protein-bound
NAD(P)H within the selected region of interest (ROI). Protein-
bound NAD(P)H is associated with mitochondrial activity and
oxidative phosphorylation (OXPHOS). Although NADH and
NADPH can be differentiated, it was beyond the objectives
of this experiment; thus, our data represent pooled NADH
and NADPH, denoted as NAD(P)H. From the non-starved
control to the starved condition, a significant decrease in
NAD(P)H-a2% was observed (p<0.05; Figure 1, Table
1). Similarly, glucose reintroduction resulted in significant
changes in NAD(P)H-a2% relative to the starved group at
both 20 minutes (p<0.05) and 40 minutes (p<0.05), with the
40-minute time point also differing significantly from the non-
starved control (p<0.05; Figure 1). Observing the whole FOV
results, the trends in FOV 1 and FOV 2 were similar to those
observed for the NAD(P)H tm / FAD tm ratio, although the
changes were less pronounced (Figure 4). The whole data
for FOV 2 showed a marginal but consistent increase from
the starved group to each of the time points (Figure 4). Of
the cells in FOV 1, all of them showed a decrease in the
metric at 20 minutes, while two out of the three increased at
40 minutes. At the single-cell level for FOV 2, 6 out of the 9
cells (67%) decreased in the metric from the starved group
to 20 minutes, and 5 out of these 6 then increased in the
metric at 40 minutes (Figure 3). In FOV 3, 6 out of the 18 cells
showed the initial decline in NADH(P)H a2% at 20 minutes
and 5 out of the 6 cells (83%) increased at the second time
point (Figure 3). Overall, 50% of all individual cells showed a
decrease in NAD(P)H a2% from starved group to 20 minutes
and 40% showed a recovery after 40 minutes (Table 2).

Fluorescence lifetime imaging redox ratio (FLIRR) is
the ratio of protein-bound NAD(P)H to protein-bound FAD.
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Figure 3. Segmentation of HeLa cells from all fields of view of the starved group using Cellpose and FIJI. Shown are images of three
FOVs, (A) is FOV 1, (B) is FOV 2, and (C) is FOV 3, prior to glucose reintroduction. Yellow outlines correspond to regions of interest (ROIs)
generated using Cellpose segmentation, which were imported into FIJI for downstream analysis. The segmentation enables tracking of
individual cells across all time points during FLIM (florescence lifetime imaging microscopy) analysis.

This metric is widely used and is regarded as one of the
best metrics for assessing the metabolic states of cells (7,
8). Once again, in this metric, the value from the starved to
the control showed a decrease in value; however, it was not
statistically significant (p=0.127; Figure 1, Table 1). Glucose
reintroduction resulted in significant changes relative to the
starved group at both 20 minutes (p<0.05) and 40 minutes
(p<0.05), with the 40-minute time point also differing
significantly from the control (p<0.05; Figure 1). Looking
at the whole FOVs, all three show a decrease in the ratio
from the starved group to 20 minutes, yet only FOV 1 and
FOV 2 display cells that recover and have an increase in the
ratio at 40 minutes (Figure 5). FOV 3 continues to decrease
marginally between the two time points (Figure 5). Examining
FOV 1, all three cells experienced a substantial decrease in
FLIRR, and for two out of the three this was followed with an
equivalent increase (Figure 3). In FOV 2, the FLIRR for six
of the cells dropped, and out of these cells, three increased
in the ratio at 40 minutes (Figure 3). For FOV 3, nine cells
displayed a decrease in ratio from the starved group to 20

minutes while five of these cells had a subsequent increase
(Figure 3). Combining all the individual cell data shows that
60% of the cells had an initial FLIRR decrease FLIRR and
30% had a recovery pattern (Table 2).

In culmination, glucose reintroduction post-starvation
induced clear, measurable metabolic shifts that could be
quantified via multiple FLIM parameters. The NAD(P)H tm /
FAD tm ratio decreased across all three FOVs at 20 minutes,
with 87% of all single cells showing the same trend. Only 17%
showed a subsequent increase by the second time point,
indicating that recovery was limited. NAD(P)H-a2% showed
a general, initial decrease across the averages of whole FOV
data, but only 50% of the individual cells showed this same
decrease, while 40% had a recovery. FLIRR displayed a
similar pattern with 60% of cells showing a decrease at 20
minutes, followed by 30% of cells displaying a rebound.

DISCUSSION
It is well understood that cells undergoing nutrient
deprivation must optimize and change their metabolic

Parameter

% of cells with decreased

value at 20 minutes

% of cells increasing value

at 40 minutes

NAD(P)H Tm /FAD ™m 87% 17%
NAD(P)H a2% 50% 40%
FLIRR 60% 30%

Table 2. Summary of cellular metabolic shifts following glucose reintroduction as measured by FLIM parameters. Shown are the
percentages of all the cells that decreased initially and/or had a recovery pattern for all of the FLIM (florescence lifetime imaging microscopy)
parameters. NAD(P)H tm / FAD tm stands for nicotinamide adenine dinucleotide (phosphate) mean lifetime to flavin adenine dinucleotide
mean lifetime ratio. NAD(P)H a2% is the percentage of protein bound nicotinamide adenine dinucleotide (phosphate). FLIRR stands for the

florescence lifetime redox ratio.
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Figure 4. Mean protein-bound NAD(P)H fraction changes
across fields of view. Mean = SD (standard deviation) of NAD(P)
H (nicotinamide adenine dinucleotide [phosphate]) a2 (%) measured
by fluorescence lifetime imaging microscopy (FLIM) across three
independent fields of view (FOV1-FOV3) under four conditions:
non-starved (control), glucose-starved (starved), 20 minutes post-
glucose reintroduction (20 min), and 40 minutes post-glucose
reintroduction (40 min). HelLa cells were glucose-starved for one
hour in Hanks’ Balanced Salt Solution (HBSS) prior to refeeding with
25 mM glucose. Sample sizes were n=3 (FOV1), n=9 (FOV2), and
n=18 (FOV3). Each bar represents the average a2% value across all
cells within a FOV. Error bars represent standard deviation.

decision-making to adapt (4). Therefore, inducing deprivation
and then reintroduction of an important compound, in this
case glucose, offers the unique opportunity to observe and
understand this metabolic process firsthand. Our study used
FLIM imaging of two important cofactors, NAD(P)H and FAD,
to visualize and measure the response of glucose-starved
Hela cells. This study revealed that there is an early shift in
metabolic activity coupled with a more variable recovery. The
onset of a more reduced intracellular state in the FOVs and
in the majority of most cells was likely driven by an increased
surge in glycolytic activity. However, the differences in how
each cell recovered following this change highlighted the
extent of metabolic heterogeneity between cells.

One of the most consistent findings shown throughout
the FOVs and the individual cells was the strong response
that occurred 20 minutes post-reintroduction. The decrease
in mean lifetimes ratio (NAD(P)H tm / FAD tm), matched by
declines in both FLIRR and NAD(P)H a2%, suggests a rapid
onset of glycolysis (Figure 2) (11, 14). This anaerobic process
is responsible for the generation of reduced cofactors (e.g.
NADH) that alter the environment of the cells, leading to
a marked decrease in redox-sensitive FLIM parameters.
This interpretation is consistent with previous studies that
demonstrated that cells undergoing a glycolytic surge similarly
increase in NAD(P)H and create shifts in the FLIM metrics (6).
In cells that are known to exhibit the Warburg effect, such as
Hela cells, the glycolytic pathways are, most likely, already
primed for activation, which can accelerate this transition (1).

Following this mostly uniform decision observed across
the FOVs and cells to initiate glycolysis were more varied
results that clearly indicate heterogeneity. While some of the
cells began to rebound in parameter values back to their pre-
glucose-reintroduction state by the 40-minute mark, others

https://doi.org/10.59720/25-217
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Figure 5. Mean FLIRR (florescence lifetime redox ratio)
changes across fields of view. Mean * SD (standard deviation)
of the fluorescence lifetime-based redox ratio (FLIRR) across three
independent fields of view (FOV1-FOV3) under non-starved (control),
glucose-starved (starved), 20 min post-glucose reintroduction (20
min), and 40 min post-glucose reintroduction conditions (40 min).
FLIRR was calculated from FLIM-derived NAD(P)H and FAD signals
and reflects relative changes in cellular redox balance. Sample sizes
were n=3 (FOV1), n=9 (FOV2), and n=18 (FOV3). Each bar represents
the average FLIRR value across all segmented cells within a single
field of view. Error bars represent standard deviation.

remained reduced or continued trending downward (Figure
1). This divergence suggests that while almost all of the cells
registered the same reaction to glucose, with an increase in
glycolysis, the ability to restart the OXPHOS appears more
selective. The nature of this phenomenon can be explained
by several possible theories. First, there could be variability
in mitochondrial readiness. Cells that displayed deeper, more
prolonged mitochondrial suppression during the starvation
period may have required a lengthier time to rebuild the
membrane potential and enzyme complexes that are key to
OXPHOS. On the other hand, those that maintained more
mitochondrial function could have been quicker to initiate
oxidative phosphorylation to the level at which it was before
glucose was reintroduced. This could provide a potential
explanation as to why the cells in FOV 1 and FOV 2 had
markedly higher rates of OXPHOS recovery than those in
FOV 3 (14, 15).

Differences in the glucose metabolism may also
contribute to a varied recovery of OXPHOS in the cells
that were studied. Although the initial decline in redox
state suggests that a majority of the cells had responded
metabolically to glucose reintroduction, the frequency and
extent of this response likely varied between cells. For
example, a variability in glucose transporter expression (such
as GLUT1) may result in prolonged glycolysis in some cells,
which then delays mitochondrial restoration (16). Cells that
have sustained glycolytic metabolism may maintain elevated
NADH, reinforcing a reduced redox state even when energy
availability is sufficient. Therefore, longer and higher levels of
glycolytic activity in some cells could persist despite adequate
conditions for OXPHOS to take place. Along with this, some
cells could remain in a reduced state for longer periods as a
potential adaptive strategy. As mentioned before, glycolysis
provides cancer cells with benefits beyond speed such as
providing molecules for the biosynthesis required to proliferate
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Figure 6. Non-segmented HeLa cells in a non-starved state using FIJI. Shown are images of HeLa cells that were imaged in their non-
starved state. There are three FOVs (fields of view), (A) is FOV 1-normal, (B) is FOV 2-normal, and (C) is FOV 3-normal. These FOVs do not
correspond to the same FOVs used in the experimental batch and were obtained from a different population of cells. Images are shown as

TIFF files processed in FIJI.

(17). In the context of recovery from stress, being in a state of
glycolysis may reflect a protective mechanism in these cells
by avoiding the oxidative load associated with mitochondrial
reactivation. Another important note was that there were
differences in how the cells in each FOV acted that could be
attributed to the number of cells. FOV 1 had fewer cells than
FOV 3 and showed an overall greater degree of reduction and
increase in numerical quantities of metrics measured. When
there are more cells present, cell-communication could allow
each individual cell to be more resistant (15, 17).

The patterns observed in this study are biologically
meaningful as they highlight the fact that cellular populations
can be unified in an immediate response but also underscore
the individuality in how they manage recovery in the long
term. Specifically, this has important implications for cancer
metabolism and treatment. Therapeutic strategies that target
glycolysis during early, synchronized shifts after nutrient
stress may be effective (18). Aims of blocking mitochondrial
recovery may need to be delayed and should account for
high variability in the rebound phases. Along with this,
identification of cells that don’t recover at all can serve as a
biomarker of metabolic resilience within a tumor. Studies in
the future would benefit from combining FLIM with reactive
oxygen species sensors, ATP reporters, or mitochondrial
dyes that could clarify whether the failures in recovery are
due to energetic, redox, or structural issues.

Our study has several limitations. Firstly, the cell population
used was an immortalized line of cervical cancer (HelLa), and
therefore the results may not be generalized to other kinds of
cancer. Additionally, the starvation period was not optimized
via any mathematical or previously used model. Furthermore,
the time points for our study were restricted to 20 and 40
minutes, so we could have missed significant events occurring
outside of that timeframe. Finally, the number of FOVs and
cells chosen could have been increased to create results that
were more accurate.

In conclusion, our study reveals how the reintroduction
of glucose to starved HelLa cells produces immediate,
consistent glycolytic changes, but more variable recovery

responses. Nearly all the cells shifted to a reduced metabolic
state using glycolysis, but only a small fraction returned
to their initial state at the 40-minute mark. There could be
many reasons behind this observation, such as mitochondrial
readiness, differences in nutrient uptake, and tradeoffs
between OXPHOS and glycolysis. These findings show that
redox-based, segmented cell imaging and analysis provide
important insights into diversity of cellular responses to stress,
a necessary step toward fully understanding the nature of
cancer cell metabolism.

MATERIALS AND METHODS
Cell Culture

HelLa cells were cultured in a high-glucose Dulbecco’s
Modified Eagle Medium (DMEM from Life Technologies) and
supplemented with 10% cosmic calf serum (Hyclone) and
4 mM sodium pyruvate (Life Technologies). The cells were
starved for one hour using Hanks’ Balanced Salt Solution.
They were re-fed in a Flurobrite 25 mM glucose solution
(Life Technologies). For imaging, cells were seeded onto
25 mm round No. 1.5 glass coverslips (Thermo Scientific).
The live cancer cells were exclusively handled by Dr. Vijay
Kumar Sagar of the University of Virginia due to biosafety
requirements (19).

Instrumentation

A Zeiss LSM-780 confocal/multiphoton microscopy system
that included a motorized stage was used for automated
scanning, equipped with a Chameleon Vision-Il (Coherent
Inc.) Ti:sapphire laser and an inverted Axio Observer. There
were also three HPM 100-40 hybrid GaAsP detectors from
Becker & Hickl that were attached to the non-descanned
port of the microscope using adapters from Zeiss. The single
photon counting module (SPCM) software from Becker & Hickl
was used to acquire the images. A Zeiss stage was motorized
on all three axes to ensure that the frames captured were
in the exact same position across treatment. A humidified
blood-gas mixture was used to keep the specimens at a
temperature of 37°C. A Zeiss 40x NA 1.3 oil apochromatic
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objective lens was used. Each image was taken within 45
seconds to 60 seconds of turning on the laser using a safe
power at the specimen plane to avoid photobleaching with a
simultaneous excitation of 800 nm (19, 20).

FLIM Parameter Fitting and Image Processing

The FLIM output from the Zeiss LSM-780 was imported into
the single photon counting (SPC) Image software developed
and sold by Becker & Hickl. The cells were not stained or
treated with any reagents because NAD(P)H and FAD are
naturally autofluorescent metabolic cofactors. Fluorescence
lifetimes were measured using two-photon excitation and
time-correlated single photon counting (TCSPC), which
generates a decay curve for each pixel. SPC Image fit these
curves to a bi-exponential model to obtain parameters such
as NAD(P)H-a2% (the fractional contribution of protein-bound
NAD(P)H). FLIRR was calculated as the ratio of the mean
lifetimes of NAD(P)H and FAD, providing a label-free readout
of metabolic state. The data was then taken into the Cellpose
software to segment the FOVs into their individual cells. This
was followed by matching of frames to ensure that the same
cells were analyzed in parallel in each treated image using
FI1JI (19).

FLIM Data Acquisition and Analysis

The fitted data and the ROI .zip files that outlined the
individual cells were analyzed in FIJI through a plugin and
then exported into a custom Python script known as FLIM
Analyzer (https://github.com/uvaKCCl/flimanalyzer). This
data resulted in a .txt file that the Python script plotted into
bar charts. The data were then moved from Python to Google
Sheets to perform statistical analysis (using an unpaired,
two-sample t-test) and to create graphs. The threshold of
significance in this study was a p value of under 0.05 (19).
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