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Figure 1. Schematic of dry mass and dry mass density measurements using the suspended microchannel 
resonator (SMR). (A) The cell’s buoyant mass is first measured in normal, H2O-based culture media (blue), after 
which the cell mixes with D2O-based culture media (orange). The water content inside the cell exchanges to match 
the external water content. The cell’s buoyant mass is then measured again in the D2O-based media and the cell 
is mixed with normal, H2O-based media, where the cell waits for the next measurement. (B) In practice, these 
measurements are carried out using an SMR, where H2O and D2O-based medias are kept on different sides of 
the cantilever. Continuous flushing of fresh media into the system prevents the two fluids from equilibrating over 
time. The cell is depicted as a small blue/orange sphere. (C) To calculate the dry mass and dry mass density of 
the cell, the two buoyant mass measurements are correlated as a function of media density. The SMR’s baseline 
signal (vibration frequency) is proportional to media density and this measurement is obtained immediately before 
and after each buoyant mass measurement (frequency response to a cell flowing through the SMR) to account for 
variability in media mixing.
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Figure 1—figure supplement 1. Quantifications of dry mass and dry mass density measurement errors. (A) Monitoring dry mass (red) and dry mass 
density (blue) of a single L1210 cell kept at +4°C to prevent cell growth and major compositional changes. (B) Zoom-ins of dry mass and dry mass 
density within the indicated 1 hr window in panel (A). Measurement error was quantified as coefficient of variation (CV) within the 1 hr window (mean 
± SD, N = 6 independent experiments). (C) Monitoring dry mass and dry mass density of a single L1210 cell that was fixed to prevent cell growth and 
compositional changes. Measurement error was quantified as CV (mean ± SD, N = 5 independent experiments). (D) Monitoring dry mass and dry 
mass density of a 10 µm diameter polystyrene bead. Measurement error was quantified as CV (mean ± SD, N = 4 independent experiments). For all 
measurement error quantifications, the error in dry volume measurements was comparable to the error in dry mass measurements.
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Figure 1—figure supplement 2. Dry mass and dry mass density measurements are not limited by the rate of water exchange. (A) Dry mass (top, red) 
and dry mass density (bottom, blue) as a function of time that the cell was exposed to D2O-based media between the two consecutive buoyant mass 
measurements. Each dot represents a single cell from a population of L1210 cells; n = 358 cells. (B) Same as (A), but data is from single-cell monitoring 
of an L1210 cell at +4°C. Same data as in Figure 1—figure supplement 1A; n = 438 individual measurements. (C) Same as (A), but data is from single-
cell monitoring of an L1210 growing at +37°C; n = 1102 individual measurements. Each figure shows a linear fit, Pearson correlation (R2), and correlation 
p-values calculated using ANOVA.
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Figure 2. Monitoring buoyant mass, dry mass, dry volume, and dry mass density of single cells. (A) An example dataset of an ancestral wild-type (wt) 
L1210 lineage tracked for its dry mass, dry volume, and dry mass density over two full cell cycles. Cell divisions are indicated with dashed vertical lines. 
Opaque points represent individual measurements and the solid lines represent smoothened data. (B) Cell cycle durations of wt and FUCCI L1210 
cells grown in the suspended microchannel resonator (SMR) in normal media (blue) or with periodic D2O exposure (orange). Boxplot line: mean; box: 
interquartile range; whiskers: 5–95% range. p-Values calculated using Welch’s t-test; n values refer to individual cells. (C) Same as (B), but data displays 
the combined duration of mitosis and cytokinesis. (D) Histogram of Akaike information criterion (AIC) of a linear fit – AIC of an exponential fit for wt and 
FUCCI L1210 cells in interphase (n = 12 and 27 cells, respectively). Datapoints (individual cells) with positive values are better described by exponential 
rather than linear growth. (E) Cell dry mass growth rate as a function of dry mass in wt and FUCCI L1210 cells in interphase (n = 12 and 27 cells, 
respectively). The line and shaded area represent mean ± SD.
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Figure 2—figure supplement 1. Influence of D2O on cell cycle durations in normal culture. L1210, BaF3, and S-Hela cells were grown in media, where 
indicated % of H2O was replaced with D2O. Cell proliferation was monitored by imaging cell confluency over ~70 hr duration. N = 5 independent 
cultures (mean ± SD).
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Figure 2—figure supplement 2. Dry mass and dry mass density measurements are not causing systematic drifts 
in cell size at division. Dry mass (left) and dry mass density (right) at cell divisions across ancestral L1210 lineages. 
Each color displays a different experiment.
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Figure 2—figure supplement 3. Dry and buoyant mass correlate near-perfectly, except in mitosis. (A) Correlation between dry and buoyant mass in 
L1210 (left), S-Hela (middle), and BaF3 (right) cells within a population. Each dot represents a single cell from the same experiment and black line is the 
linear fit. The Pearson correlation (R2) values represent the mean ± SD from three independent experiments. (B) Correlation between buoyant mass and 
dry mass within a single wild-type (wt) L1210 cell cycle. Each dot represents a single measurement from the same cell in interphase (blue) or mitosis 
and cytokinesis (red). (C) Pearson correlations (R2) between buoyant mass and dry mass shown for interphase and for mitosis and cytokinesis. Data is 
obtained by single-cell monitoring and only full cell cycles are used (as in panel B). Each dot represents a single cell; data is shown for wt (orange) and 
FUCCI (blue) L1210 cells (n = 12 and 27, respectively). (D) Cell-to-cell variability in dry mass density and dry mass in L1210 (left), S-Hela (middle), and 
BaF3 (right) cells within a population. Each dot represents an independent experiment (N = 3); line and whiskers represent mean ± SD.
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Figure 3. Cells transiently lose dry mass and increase dry mass density in early mitosis. (A) Two example FUCCI L1210 cells with different dry mass 
(top), dry volume (middle), and dry mass density (bottom) behaviors in early mitosis. Opaque points represent individual measurements; thick line and 
shaded area represent smoothened data (mean ± SD). Dashed vertical lines indicate approximate G2/M and metaphase-anaphase (M/A) transitions. (B) 
Population average dry mass, dry volume, and dry mass density behavior in wild-type (wt) and FUCCI L1210 cells. Thick line and shaded area represent 
mean ± SD. N = 31 cells from 19 independent experiments for the wt cells; N = 36 cells from 13 independent experiments for the FUCCI cells. (C) 
Quantifications of dry composition changes in early mitosis in FUCCI L1210 cells. Dots represent individual cells; horizontal line represents mean; data 
is same as in panel (B); p-values calculated using one sample t-test and represent difference from zero. (D) Dry mass accumulation from mitotic entry to 
cell division relative to the dry mass accumulated in the whole cell cycle. Dots represent individual cells; horizontal line represents mean; data is same 
as in panel (B). (E) Correlation between dry mass and dry mass density change in early mitosis for wt and FUCCI L1210 cells. Data is same as in panel 
(B); correlation p-values calculated using ANOVA. Raw data can be found in Figure 3—source data 1.
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Figure 3—figure supplement 1. Cell cycle indicators and mitotic dry composition change. Two representative 
L1210 FUCCI cell traces (left and right column) with cell cycle indicators (top two rows) and dry composition 
changes (bottom two rows) in mitosis. Acoustic scattering from the cell, that is, node deviation, is used to detect 
approximate mitotic entry and metaphase-anaphase transition (M/A transition), and the FUCCI cell cycle sensor, 
hGeminin-mKO fluorescence intensity, is used to validate the M/A transition.
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Figure 3—figure supplement 2. Cell-to-cell variability in the loss of dry mass in early mitosis reflects biological, non-genetic cell-to-cell variability. (A) 
Example buoyant mass (in H2O-based media), dry mass, and dry mass density traces of wild-type (wt) L1210 cells, where mother and daughter cells 
display different mitotic dry composition behaviors. Gray dots indicate individual measurements and orange line indicates the smoothened trace; 
green, dashed vertical lines indicate mitotic entry (G2/M). (B) Same as panel (A), but for FUCCI L1210 cells. (C) Zoom-ins of the mitotic sections indicated 
by light yellow boxes in panel (B), showing the loss of dry mass and increase in dry mass density in daughter cell, but not the mother cell. Note that 
the buoyant mass resolution is lower than in our previous work (Miettinen et al., 2019) due to H2O and D2O fluid mixing which causes fluctuations in 
suspended microchannel resonator (SMR) baseline signal when monitoring the dry composition of a cell. (D) Correlation of experiment-specific dry mass 
noise (deviation from a linear fit in the last 1 hr prior to mitotic entry) as a function of the early mitotic change in dry mass. Each point is a separate cell; 
correlation p-value calculated using ANOVA; N = 28 cells for wt L1210; N = 36 cells for FUCCI L1210.
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Figure 3—figure supplement 3. Mitotic dry mass and dry mass density behavior in BaF3 and THP-1 cells. (A) 
An example of BaF3 cell dry mass behavior in mitosis. Opaque points represent individual measurements. Thick 
line and shaded area represent smoothened data (mean ± SD). Dashed vertical lines indicate approximate G2/M 
and metaphase-anaphase (M/A) transitions. (B) Same as (A), but for dry mass density. (C) Population average dry 
mass behavior in BaF3 cells. Thick line and shaded area represent mean ± SD. N = 18 cells from 11 independent 
experiments. (D) Same as (C), but for dry mass density. (E) Quantifications of dry mass and dry mass density 
changes in early mitosis in BaF3 cells. Dots represent individual cells; horizontal line represents mean; data is same 
as in panels (C and D); p-values calculated using one sample t-test and represent difference from zero. (F–J) Same 
as panels (A–E), but data is for THP-1 cells. N = 9 cells from eight independent experiments.
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Figure 4. Mitotic dry mass loss and dry mass density increase do not require morphological changes. (A) % of mitotic cells in a wild-type (wt) L1210 
population following 5 hr control or S-trityl-L-cysteine (STLC) treatment. N = 4 independent cultures; p-value calculated using Welch’s t-test. (B) 
Normalized dry mass behavior for control and STLC-treated wt L1210 cells (left) and quantifications of early mitotic dry mass changes (right). N = 31 cells 
from 19 independent experiments for control; N = 9 cells from 9 independent experiments for STLC; p-value calculated using Welch’s t-test. (C) Same 
as panel (B), but for dry mass density. (D) Representative phase contrast and mAG-Geminin reporter images of control and Barasertib-treated FUCCI 
L1210 cells in mitosis. N > 20 cells from three independent experiments. (E) Normalized dry mass behavior for FUCCI L1210 cells treated with indicated 
chemicals (left) and quantifications of early mitotic dry mass changes (right). N = 36 cells from 13 independent experiments for control; N = 8 cells from 
eight independent experiments for Barasertib; N = 16 cells from 15 independent experiments for EIPA; p-value calculated using ANOVA. (F) Same 
as panel (E), but for dry mass density. (G) Normalized intracellular water volume behavior for control and EIPA-treated FUCCI L1210 cells (left) and 
quantifications of mitotic cell swelling (right). N = 6 cells from five independent experiments for control; N = 8 cells from eight independent experiments 
for EIPA; p-value calculated using Welch’s t-test. In dry mass, dry mass density, and water volume traces, the thick line and shaded area represent mean 
± SD; boxplot line: mean; box: interquartile range; whiskers: 5–95% range. Raw data can be found in Figure 3—source data 1.
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Figure 4—figure supplement 1. L1210 cell population 
dry mass density following mitotic perturbations. 
L1210 cells were treated with indicated chemicals 
for 4 hr using same concentrations as in Figure 4. 
Data represents mean ± SD of dry mass density 
from >60 cells per condition.
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Figure 5. Lysosomal exocytosis is increased in early mitosis. (A) A representative image of surface LAMP-1 immunolabeling alone (left) and together 
with DNA labeling (right) in live L1210 cells. Orange arrow indicates a mitotic cell, blue arrowheads indicate interphase cells. Scale bars depict 10 μm. 
(B) Microscopy quantifications of cell surface LAMP-1 immunolabeling in unsynchronized L1210 cells. Early mitosis refers to prophase, prometaphase, 
and metaphase; late mitosis refers to anaphase. N = 380, 29, and 11 cells for interphase, early, and late mitotic cells, respectively; data pooled from 
two independent experiments; p-values calculated using ANOVA followed by Sidakholm post hoc test. (C) % of mitotic cells in L1210 cell populations 
following synchronization to G2 or early mitosis. N = 5 independent cultures; p-value calculated using Welch’s t-test. (D) Flow cytometry quantifications 
of L1210 cell population surface LAMP-1 immunolabeling following synchronization to G2 or early mitosis. N = 5 independent cultures; p-value 
calculated using Welch’s t-test. In all figures, line and whiskers indicate mean ± SD.
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Figure 5—figure supplement 1. Additional examples of live L1210 cell surface LAMP-1 labeling. Additional images of surface LAMP-1 immunolabeling 
alone (left, black and white) and together with DNA labeling (right, color) in live L1210 cells. First two columns display LAMP-1 immunolabeling under 
control conditions. Last column displays LAMP-1 immunolabeling after 4 hr drug treatments (top two rows) or under control conditions but using the 
corresponding antibody isotype labeling (bottom row). All images are from wild-type (wt) L1210 cells and represent a single z-slice. Orange arrows 
indicate mitotic cells, blue arrowheads indicate interphase cells. All scale bars depict 10 μm.



 ﻿Research advance﻿﻿﻿﻿﻿ Cell Biology | Physics of Living Systems

Miettinen et al. eLife 2022;11:e76664. DOI: https://doi.org/10.7554/eLife.76664 � 17 of 19

0

10

20

30

40

Isotype
control

0

2

4

6

8 p=0.008

M
ito

tic
 c

el
ls

 (%
)

Sync.

LA
M

P-
1 

ce
ll

su
rfa

ce
 la

be
lin

g 
(a

.u
.)

A

G2 M G2 M

THP-1BaF3

0

10

20

30

40

50

0

2

4

6

8

10

p=0.028

Isotype
control

Sync. G2 M G2 M

M
ito

tic
 c

el
ls

 (%
)

LA
M

P-
1 

ce
ll

su
rfa

ce
 la

be
lin

g 
(a

.u
.)

THP-1BaF3B C D

Figure 5—figure supplement 2. Lysosomal exocytosis is higher in early mitosis than in G2 in BaF3 and THP-1 cells. (A) % of mitotic cells in BaF3 cell 
populations following synchronization to G2 or early mitosis. N = 5 independent cultures. (B) Flow cytometry quantifications of BaF3 cell population 
surface LAMP-1 immunolabeling following synchronization to G2 or early mitosis. N = 4–5 independent cultures. Isotype control indicates labeling 
intensity when using isotype control antibody in an unsynchronized population. (C) Same as panel (A), but for THP-1 cells. N = 5 independent cultures. 
(D) Same as panel (B), but for THP-1 cells. N = 3–5 independent cultures. In all figures, line and whiskers indicate mean ± SD, p-values calculated using 
Welch’s t-test.
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Figure 6. Inhibitors of lysosomal exocytosis decrease mitotic dry mass secretion. (A) Representative histograms (left) and quantifications (right) of 
live L1210 cell surface LAMP-1 immunolabeling following indicated, 4 hr long chemical treatments. Line and whiskers indicate mean ± SD; N = 4–7 
independent cultures. (B) Normalized dry mass behavior for FUCCI L1210 cells treated with indicated chemicals (left) and quantifications of early mitotic 
dry mass changes (right). N = 36 cells from 13 independent experiments for control; N = 17 cells from 17 independent experiments for brefeldin A; N = 
19 cells from 19 independent experiments for vacuolin-1; p-values calculated using ANOVA followed by Sidakholm post hoc test; Thick line and shaded 
area represent mean ± SD; boxplot line: mean; box: interquartile range; whiskers: 5–95% range. (C) Same as panel (B), but for dry mass density. Raw data 
can be found in Figure 3—source data 1.
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Figure 6—figure supplement 1. L1210 cell population 
dry mass density following exocytosis perturbations. 
L1210 cells were treated with indicated chemicals 
for 4 hr using same concentrations as in Figure 6. 
Data represents mean ± SD of dry mass density 
from >70 cells per condition.


