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ABSTRACT ARTICLE HISTORY

In the recurrence of cancer and autoimmune diseases, cellular senescence, a state where cells Received 28 December 2024
cease division, plays a pivotal role. Distinguishing the senescence requires a combination of ~ Revised 16 June 2025
multiple markers. Fluorescent dyes incorporation limits the imaging observation time due to ~ Accepted 17 June 2025
the potential toxicity of those compounds over prolonged exposure, while colorimetric dye KEYWORDS
incorporation requires cell fixation, where cells are not in native state, and long staining time Growth arrest; label-free
(=4 hours). One of the distinct characteristics that distinguishes senescent cells from other state detection; senescence;
of cells is the impaired protein degradation ability by the lysosome, resulting on the protein quantitative phase
accumulation. In the current work, we take advantage of protein accumulation to distinguish microscope; protein
senescence cells from other cells. The protein concentration is visualized by recording the concentration

phase difference using the quantitative phase microscopy (QPM). Our live QPM observations

on breast cancer cells confirm that senescent cells exhibit a higher refractive index compared

to cells in normal growth and quiescent states, attributed to the accumulation of undigested

lysosomal protein cargo. This heightened refractive index suggests an imbalance in protein

turnover rates within senescent cells. These findings shed light on a potential label-free non-

invasive approach for a prolonged monitoring of senescent cell dynamics.
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IMPACT STATEMENT

We demonstrated the way to distinguish senescent cell from normal growth state visually by
using quantitative phase microscopy based on the accumulation of undegraded intracellular
protein.
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1. Introduction

The approval of cell cycle inhibitor as anticancer agent
(Abemaciclib, Palbociclib) of hormone-receptor posi-
tive breast cancer by Food and Drug Administration
(FDA) earlier this year and in the past few years
implies the crucial role of cell growth regulation in
directing tumor growth. Another disease, such as
fibrosis, is driven by the ceased cell cycle arrest of
renal cells at G2/M [1]. Growth arrest is a cellular
state in which cells cease progressing through the cell
cycle due to external stress, becoming arrested in
a specific phase of the cell cycle. There are two types
of growth arrest states in cells, depending on their
ability to re-enter the cell cycle. Senescence represents
a permanent growth arrest state, whereas quiescence is
temporary. In a clinical context, it is essential to dis-
tinguish between cell states, including senescent,
quiescent, and normal, in order to develop treatments
that address all cell populations and avoid leaving
behind any surviving cells. The growth arrested cell
has been closely associated with breast cancer progres-
sion, where the presence of growth-arrested cell result-
ing from the low-dosage chemotherapy may
contribute to the re-activation of cancer cells after
adjuvant treatment. Recently, there has been signifi-
cant development in senolytic drugs designed to selec-
tively eliminate senescent cells within tumors. Real-
time monitoring of senescence and distinguishing the
senescent cell from quiescent cell and normal cell
holds immense promise for the clinical application of
senescent therapies, but it remains challenging [2].
The gold standard in detecting senescent cells is col-
orimetric staining using senescence-associated-[-
galactosidase (SA-P-Gal) [3]. In addition to this,
detecting senescent cells requires the combination of
multiple markers and often involves fixing the cells or
using fluorescent-based dye for live imaging. While
fluorescent-based dyes, such as SPIDER-B-Gal, can be
used for live-cell observation, they require the use of
HEPES buffer during the dye incubation, which can
impact cell morphology. This method may be less
suitable for labelling epithelial cell types that rely on
calcium to maintain cell-cell contact. Therefore,
a label-free approach for classifying senescent cells
presents an alternative solution to overcome these
challenges.

To develop a label-free classification method, phy-
sical or chemical changes inside a cell associated with
senescent cells should be identified. The senescent cell
is generally known to have a slower protein synthesis
rate and has been shown to amass extra protein resi-
dues as a consequence of impaired proteolytic capabil-
ities and ceased cellular division [4]. Therefore, we
hypothesized that the refractive index of senescent
cells is elevated compared to that of normal or quies-
cent cells due to the accumulated undegraded
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proteins. Changes in refractive index can be discerned
by measuring optical phase difference. For this pur-
pose, quantitative phase microscope (QPM) stands out
as the most suitable technique.

Quantitative phase microscope literally measures
optical phase quantitatively with the accuracy of milli-
radian or smaller. The optics of QPM is rather simple;
it is based on a Mach-Zehnder interferometer, where
quite often a commercial optical microscope is com-
bined with a 4f optical system [5,6]. The Mach-
Zehnder interferometer is widely used due to its well-
established high sensitivity and resolution in quanti-
tative phase imaging. A notable variation, diffraction
phase microscopy (DPM), employs a common-path
design to minimize phase noise from mechanical
vibrations and air fluctuations, significantly improv-
ing measurement stability [5-7]. Thus far, QPM has
been used to study cell cycle [7] and pathophysiology
[8] of living cells

In the current work, we propose an approach to
distinguish the growth-arrested state of cells from
normal ones after fixative-treatment. In the experi-
ments, the phase shifts of breast cancer cells were
measured using our home-built QPM. The findings
indicated a correlation between the total protein con-
centration in the breast cancer cell line and the
observed phase difference obtained by QPM depend-
ing on the growth state of cells on fixative-treated cells.

2. Results and discussion

A subpopulation of breast cancer cells is known to
undergo senescence post-treatment with clinical
dosage of doxorubicin (DOX) within the range of
hundreds of nanomolar [9]. The senescence of breast
cancer cells is triggered by DOX treatment through the
activation of p53 pathway [10]. In this study, epithelial
(MCF-7) cell line was used as the model cell line
instead of mesenchymal-like cell line (MDA-MB
-231). This choice was based on MCF-7’s lower sensi-
tivity to DOX treatment compared to MDA-MB-231,
attributed to its expression of estrogen receptor-alpha
(ERa) [11]. Our result was consistent with those
reports. Two days after treatment with a DOX con-
centration of less than 500 nM, the non-invasive
MCEF-7 breast cancer cells expressed early senescent
markers, such as p53 and SA-B-Gal (Figure la and
Fig. S1).

A 520-nm laser included in our QPM for imaging
irradiated through three different cell states (normal,
dormant, and senescent) inside a buffer and the trans-
mitted phase images were reconstructed after the pro-
cessing (Fig. S2 and Fig. S3). The recorded phase shift
reflects the refractive index change of cells, which is
supposed to depend on the protein concentration
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Figure 1. A. Expression of senescent marker protein, p53, detected by immunofluorescence for MCF-7 cells. b. Phase difference of
MCEF-7 cells observed by QPM after fixation of cells by using 4% paraformaldehyde (image size: 106.6 um x 106.6 um). Sub-figures
a and b include images for normal, senescent, and quiescent states.

within the cells [12]. The inhibition of protein synth-
esis by Cycloheximide is reported to have negligible
effect on the fatty acid synthase (FAS), enzyme that is
responsible for saturated fatty acid production,
expression in MCF-7 [13]. Since FAS was reported to
remain relatively stable after cycloheximide treatment,
it indicated that intracellular lipid production in MCF-
7 is not inhibited. Therefore, we concluded that pro-
tein content is the main factor that induce the higher
phase difference in induced senescent MCE-7.
Therefore, the phase difference can be explained
from Equation (1), where A, A, n, C, and z are the
phase difference, wavelength, refractive index, concen-

tration, and axial distance from the surface,
respectively.
2
Ap = TnjAn(C)dz 1)

The measured phase difference represents the
state of the cells 2 days post treatment as exhibited
in Figure 1b after subtracting with the background
(phosphate buffer saline, PBS). From our observa-
tion, senescent breast cancer cells show around
2-fold higher phase difference than those in quies-
cent and normal states, as shown in Figure 1b.
However, the phase difference between quiescent
cells and cells in the normal growth state is not
significant. The chosen cell seeding density resulted

in monolayer morphology with less than 80% con-
fluency, thus the higher phase difference observed in
senescent cell was not due to the overlapping cell
growth. Doxorubicin treatment was reported to
induce senescence also promoted actin polymeriza-
tion in Huh?7 cell line, which possesses epithelial-like
morphology similar to MCEF-7 cell line used in this
study [14], leading to the enlarged cell morphology
and cell flattening. Increased actin polymerization is
correlated to the increased protrusion, thus leading
to the cell flattening morphology (i.e. decreased
thickness). In order to confirm the correlation
between increased phase difference in senescent
cells and impaired proteostasis, the cells in different
growth states were treated with protein synthesis
inhibitor, Cycloheximide (CHX). Following the inhi-
bition of protein synthesis by CHX (Figure 2d),
senescence-induced cells exhibit a 2-fold decrease
in phase difference, reducing it to levels similar to
those of normal cells (1-1.5). Considering that the
cell thickness of MCF-7 may not change after senes-
cent induction, these results both demonstrate that
protein concentration in the cells is responsible for
the observed phase difference among cells in differ-
ent growth states, and impaired protein turnover is
a key factor contributing to the high phase difference
in the senescent cell.
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Figure 2. A. Schematic illustration of cell culture experiment to distinguish senescent cell from other states (cells were cultured on
TCP dishes for 4 days and treated to induce different growth states, followed by transferring the cells into other TCP dishes
supplemented with normal growth medium with 10% FBS). b. Proliferation behaviour comparison among different growth states of
MCF-7 cells. Statistical study was performed by student’s t-test: # p < 0.05, not significant (n.S.) p > 0.05. All data are presented as
mean + standard deviation (n = 3), ¢. Metabolic activity among different growth states of MCF-7 cells. Statistical study was performed
by student’s t-test: # p < 0.05, not significant (n.S.) p > 0.05. All data are presented as mean + standard deviation (n = 3). d. Brightfield
images (top) and phase images (bottom) of MCF-7 cell with different growth states, treated and/or non-treated with protein
synthesis inhibitor drug, cycloheximide (CHX) taken after fixation of cells by using 4% paraformaldehyde (image size:

106.6 um % 106.6 um).

The phase difference was observed due to the total
protein concentration in the cells (Figure 3b). The
senescent cells contain 1.5-fold higher protein concen-
tration compared to the quiescent and normal cells,
owing to their declined proteostasis [15]. A recent
study reported the increasing protein concentration
in lysosomes and mitochondria and a decrease in
protein concentration in nuclei as cell size enlarged,
which was observed in in vitro cultured senescent cells
[16]. This higher total protein concentration in senes-
cent breast cancer cells is consistent regardless of the

cellular compartment (nuclei or cytoplasm), as
depicted in Figure 3(d,e). This is in line with the
previously reported correlation between sub-
compartmental protein concentration and cell size,
in which, cytosolic protein concentration shows
a small increase when the cell size enlarged [16]. The
observed increase in cytosolic protein concentration in
senescent cells is likely attributed to the accumulation
of lysosomal cargo, a result of heightened cell meta-
bolic activity (Figure 2(b,c)). It was previously
reported that Adriamycin (doxorubicin)-induced
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Figure 3. A. Scheme of cell culture experiment for evaluation of total protein concentration in cell (sub-panel b). b. Total
intracellular protein concentration of MCF-7 cells determined by micro-BCA assay. Statistical study was performed by student’s
t-test: # p <0.05, not significant (n.S.) p > 0.05. All data are presented as mean + standard deviation (n = 3). c. Scheme of cell
culture experiment for evaluating protein concentration in cytosol (sub-panel d) and nuclei (sub-panel e). d. Total cytosolic protein
concentration of MCF-7 cells. Statistical study was performed by student’s t-test: # p < 0.05, not significant (n.S.) p > 0.05. All data
are presented as mean + standard deviation (n = 3). e. Total nucleic protein concentration in MCF-7 cells with different growth
states. Statistical study was performed by student’s t-test: # p < 0.05, not significant (n.S.) p > 0.05. All data are presented as mean

+ standard deviation (n = 3).

senescence of MCF-7 induced higher tricarboxylic
acid (TCA) metabolism compared to untreated
MCEF-7 at day 5 after treatment [17].

The larger protein concentration in cytosol com-
pared to the nuclei is observed in all samples, and it
is not uncommon due to the presence of endoplas-
mic reticulum and golgi apparatus which contains
proteins. The tendency of higher protein concentra-
tion in the nuclei in senescent cells compared to
untreated cells is observed. This result may have
been observed owing to the nuclear volume enlarge-
ment, a common treat of senescent cells [18]. The
concentration of DOX for inducing a senescence
state in MCF-7 cells has been adjusted to induce
senescence in over 80% cell population. Thus, it is
reasonable to assume that the metabolic activity of
senescent cells was normalized across the entire
senescence-induced cell population. This aligns
with the known paradigm of senescence [19], in
which senescent cells exhibit higher metabolic

activity than their untreated and quiescent counter-
parts and retain slower proliferation even after re-
plating to the polystyrene dishes.

To further investigate whether the observed phase
difference among different cell state is correlated
with protein synthesis, live cell observation was per-
formed. Protein synthesis primarily occurs during
the cell cycle progression, specifically in G1 and G2
phases [20]. It is worth noting that mammalian cell
division is known to occur over a 24 hour time
course. While monitoring the dynamics of phase
differences in cells during normal growth
(Figure 4a, top), the cells exhibited an increase in
phase difference until just before entering the divi-
sion phase (M phase). Subsequently, a decrease in
phase difference was noted in the resulting daughter
cells following cell division (Fig S4c and d). In con-
trast, the dynamics of phase differences were not
clearly observed in serum-starved cells that entered
a quiescence state (Figure 4a, middle; Fig S4c and d).
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Figure 4. A. Timelapse image (image size: 106.6 mm x 106.6 mm) of living MCF-7 cells in normal growth state (top) vs quiescent
(middle) vs senescent state (bottom) observed by QPM within 24 hours timeframe, showing the different phase change reflecting the
difference of total intracellular protein amount during G1 and G2 stage of cell cycle (*G1 image is taken within 11 hours after the
timelapse started, S image is taken within 5 hours post-G1 stage, G2 image is taken within 4 hours post-S stage, and M image is taken
within 4 hours post-G2 stage). b. Proposed mechanism of observed phase difference driven by the growth state of MCF-7 cells.

Notably, senescence-induced cells exhibit an increase
in phase difference until S phase, without experien-
cing decrease in phase difference, as they did not
proceed to the division phase (Figure 4a, bottom;
Fig S4c and d). However, there is a discrepancy
between the phase shift obtained from fixative-
treated cells and cells at the living state. We con-
ducted a two-way ANOVA followed by Tukey’s HSD
post hoc test. The analysis revealed significant effects
of cell state in several cell cycle phases. In the G1

phase, cells in the untreated group showed signifi-
cantly higher phase shift values compared to both
quiescent (p <0.05) and senescent (p < 0.05) groups
(see Fig S4e; Table S1, S2). Therefore, our claim
regarding the higher phase shift in senescent state
compared to untreated and quiescent state is limited
to the cells treated with fixative agent (Fig S4b). In
the M1 phase, multiple pairwise differences between
cell states were strongly significant with p <0.01(see
Fig S4e). These results suggest that cell state
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significantly influences phase shift-derived measure-
ments, emphasizing intracellular process changes
associated with cellular quiescence and senescence.
The lower phase shift of senescent cells compared to
the untreated cells at G1 stage suggests that larger
number of representative cell population (n>3) has
to be employed in this characterization. This is
because senescent-induced cells do not undergo cell
division, resulting in a reduced cell population and
consequently leading to an underestimated phase
shift during the G1 phase. These findings demon-
strate an alternative method in which QPM can
effectively classify cell states based on the measured
phase differences as an end-point assay. The results
of QPM-based senescent cell detection were consis-
tent with those obtained through staining-based and
cellular functional assays. This study showed the
positive correlation between QPM observation
image and cellular functional assays of growth
arrested cells (Fig S5), which also supports the pre-
viously reported studies [21,22]. In this study, we
demonstrated the application of QPM in cellular
imaging of cells at 2D system. The required trans-
parent biological sample and a transmission micro-
scope modality serve as major drawbacks of QPM,
which pose to limit the potential of QPM for 3D
biological systems. Moreover, the lack of chemical
specificity of QPM remains an improvement point
in the further study. The number of senescent cells is
approximately less than 10% of cells throughout the
body, yet it can influence the progression of many
ageing related diseases. The experimental study in
the senescence field commonly requires months or
years to complete until the end-point assays.
Therefore, non-invasive and real-time detection of
senescent cells can allow continuous monitoring of
growth arrest state progression without the need to
sacrifice the cells. This protein synthesis events-based
detection is not only limited to monitor the growth
arrest state of cells. T cells energy production that is
affected by protein synthesis regulates T cell-
mediated immune response [23]. Thus, QPM is
potentially a versatile approach for cell identification
and functional evaluation based on cellular protein-
synthesis ability [24].

3. Conclusion

This study shows the potential of QPM approach
to observe the cellular fate change in breast cancer
cell (MCF-7) visually when fixative treatment is
used. In which, the phase change difference can
be observed as the parameter to represent the
change of cell growth state. We also demonstrated
that the phase change difference observed by QPM
positively correlate to the change of total intracel-
lular protein amount that changed during the

M. NAJMINA et al.

progression of cell cycle. Based on this result, we
propose a method to distinguish senescent cells
from healthy cells visually after treated with fixa-
tive agent.
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