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Supplementary Figure 1 

Distribution of passage times measured with cDC for untreated HL60 cells. 

Bars represent binned data of control HL60 cells pulled from 10 experiments (total cell number, n = 9,734). Dashed 
curve represents Kernel density estimation (KDE) of probability distribution with vertical line at the most represented 
value equal to 23 ms. 



 

Supplementary Figure 2 

Cell diameter of HL60 cells exposed to different osmotic shock conditions. 

(a–c) Violin plots of cell diameter in a single experiment as measured by cDC (a), sDC (b) and xDC (c). Black boxes 
extend from 25th to 75th percentiles, with a dot at the median, whiskers indicate 1.5× IQR (interquartile range). (d–f) 
Summary of median cell diameter values obtained in all experiment series with cDC (d), sDC (e) and xDC (f). Data 



points correspond to medians of individual experiments (n = 3, 4 and 4, for cDC, sDC and xDC, respectively). 
Conditions measured in the same experimental series are color-coded. Boxes span 2× standard deviation with a 
line at the mean of all medians. In (d–f) statistical significance of overall differences among mean cell sizes at 
different osmolarities was tested using analysis of variance (ANOVA) and its result is shown on top of the horizontal 
line overarching all conditions. The P values reported above each box come from comparison of the given treatment 
to the control condition (300 mOsm) obtained through post-hoc analysis using two-sided pairwise t-tests for multiple 
comparison with Benjamin-Hochberg P-value adjustment. 



. 



Supplementary Figure 3 

Visualization of bin selection and data processing for osmolarity experiments. 

(a–c) 50%-density contour plots of deformability vs cell diameter for an exemplary experiment on HL60 cells 
subjected to different osmolarity conditions. The contour plots are accompanied by deformability and cell diameter 
histograms for cDC (a), sDC (b), and xDC (c). The most represented 1-μm wide diameter bins used for relative 
deformability, RD, calculations and and the corresponding deformability histograms are outlined in grey. (d–f) Jitter 
plots showing distribution of RD from cDC (d), sDC (e), and xDC (f) measurements for a single experiment. Boxes 
extend from 25th to 75th percentiles, with a dot at the median, whiskers indicate 1.5× IQR (interquartile range) and 
each data point corresponds to an individual cell. (g–i) Summary of RD values obtained in all experimental series 
with cDC (g), sDC (h) and xDC (i). Data points correspond to medians of every experiment and conditions 
measured in same experimental series are color-coded. Boxes span 2× standard deviation with a line at the mean 
of all medians. (j) Number of events in the selected 1-μm wide diameter bin for each condition and method. (k) 
Events selected within the 1-μm wide diameter bin as a percentage of all events measured. In j and k, the boxes 
span 2× standard deviation with a line at the mean. In g-k, the statistics have been calculated for n = 3, 4 and 4 
independent measurement replicates, for cDC, sDC and xDC, respectively. 



 

Supplementary Figure 4 

Time-resolved effect of osmotic shock on HL60 deformability and size as measured by sDC. 

(a–c) The changes in HL60 relative deformability, RD (a), and cell diameter (b) over time after exposure to medium 
with altered osmolarity as measured by sDC. The experiments were performed in 30 × 30-μm channels at a flowrate 
of 0.16 μl s

−1
. Data points represent medians of consecutive measurements taken at different times after the 

exposure to altered osmolarity medium. On average 3,000 events (and not less than 1,800) were analyzed for each 
data point. 



 

Supplementary Figure 5 

Fitting of the relation between osmolarity and relative deformability for hyperosmotic shock data. 

(a-c) Exponential (red), power law (green) and linear (blue) fits to relative deformability, RD, vs osmolarity data 
obtained with cDC (a), sDC (b) and xDC (c). Data points in a-c represent means of medians of multiple 
experimental replicates (n = 3, 4, and 4, for cDC, sDC, and xDC, respectively), error bars represent standard 
deviation. (d-e) Bar graphs of mean absolute residuals (d) and Bayesian information criterion (BIC) (e), that assess 
the quality of different fits. Values estimated for each method, as well as mean of values for all methods (n = 3) for 
given fit function, are presented. The error bars on the mean plots represent standard deviation. Mean absolute 
residuals give an information on how much the values predicted by the fitted function deviate from the experimental 
data. Lower values of residuals indicate better agreement of experimental data with proposed function. In case of 
BIC, lower values indicate a better fit. 



 



Supplementary Figure 6 

Visualization of bin selection and data processing for LatB treatment experiments. 

(a–c) 50%-density contour plots of deformability vs cell diameter for an exemplary experiment on HL60 cells treated 
with increasing concentration of LatB. The contour plots are accompanied by deformability and cell diameter 
histograms for cDC (a), sDC (b), and xDC (c). The most represented 1-μm wide diameter bins used for relative 
deformability, RD, calculations and the corresponding deformability histograms are outlined in grey. (d–f), Jitter 
plots showing distribution of RD from cDC (d), sDC (e), and xDC (f) measurements for a single experiment. Boxes 
extend from 25th to 75th percentiles, with a dot at the median, whiskers indicate 1.5× IQR (interquartile range) and 
each data point corresponds to an individual cell. (g–i), Summary of RD values obtained in all experimental series 
with cDC (g), sDC (h) and xDC (i). Data points correspond to medians of every experiment and conditions 
measured in the same experimental series are color-coded. Boxes span 2× standard deviation with a line at the 
mean of all medians. (j) Number of events in the selected 1-μm wide diameter bin for each condition and method. 
(k) Events selected within the 1-μm wide diameter bin as a percentage of all events measured. In (j) and (k) the 
boxes span 2× standard deviation with a line at the mean. In g-k, the statistics have been calculated for n = 3, 5 and 
4 independent measurement replicates, for cDC, sDC and xDC, respectively. 



 

Supplementary Figure 7 

Dose-response to LatB treatment measured with sDC at three different flow rates. 

Deformability, D (a), and relative deformability, RD (b), as a function of LatB concentration at three different 
flowrates (fr1 = 2.4 µl min

-1
, fr2 = 4.8 µl min

-1
, and fr3 = 7.2 µl min

-1
). The different flowrates are color-coded as 

indicated in the figure legend (fr1 – gray, fr2 – blue, fr3 – green). Open circles indicate medians of individual 
measurements, lines connect means of measurement replicates for each flowrate (n = 5), error bars correspond to 
standard deviation of the mean distributions. Bin-selected data was used. 



 

Supplementary Figure 8 

Response to high LatB concentrations measured with cDC and sDC. 

The graph shows relative deformability, RD, as a function of LatB concentration. Dots represent medians of 
individual measurements. Error bars represent median absolute deviation. Bin-selected data was used. One 
measurement series was performed using cDC (purple, from left to right n = 296 and 271 analyzed cells in the 
selected size bin per data point) and two measurement series were performed using sDC (bright and dark green, 
from left to right n = 656, 537, 420, 550, and n = 734, 615, 336, 541 analyzed cells in the selected size bin, for bright 
and dark green data points, respectively). The concentration range used for main analysis is shaded in gray. 



 

Supplementary Figure 9 

Cell diameter of HL60 cells treated with different concentrations of LatB. 

(a–c) Violin plots of cell diameter in a single experiment as measured by cDC (a), sDC (b) and xDC (c). Black boxes 
extend from 25th to 75th percentiles, with a dot at the median, whiskers indicate 1.5× IQR (interquartile range). (d–f) 
Summary of median cell diameter values obtained in all experiment series with cDC (d), sDC (e) and xDC (f). Data 
points correspond to medians of individual experiments (n = 3, 5 and 4, for cDC, sDC and xDC, respectively). 
Conditions measured in same experimental series are color-coded. Boxes span 2× standard deviation with a line at 
the mean of all medians. In (d–f) statistical significance of overall differences among mean cell sizes at different 
concentrations was tested using analysis of variance (ANOVA) and its result is shown on top of the horizontal line 
overarching all conditions. The P values reported above each box come from comparison of the given treatment to 
the control condition obtained through post-hoc analysis using pairwise two-sided t-tests for multiple comparisons 
with Benjamin-Hochberg P-value adjustment. 



 

Supplementary Figure 10 

The influence of size bin selection on relative deformability response to osmotic shock. 

For all three methods RD was calculated for either all data, 3-μm wide cell diameter bin or 1-μm wide cell diameter 
bin. For the ease of comparison, the data is grouped based on binning strategy and all three methods are plotted 
together (a), or the data is grouped by method and all binning strategies are compared (b). The lines connect the 
data points representing means of medians from measurement replicates (n = 3, 4, and 4, for cDC, sDC, and xDC, 
respectively). Error bars present the standard deviation of the medians. 



 

Supplementary Figure 11 

The influence of size bin selection on relative deformability response to LatB treatment. 

For all three methods RD was calculated for either all data, 3-μm wide cell diameter bin or 1-μm wide cell diameter 
bin. For the ease of comparison, the data is grouped based on binning strategy and all three methods are plotted 
together (a), or the data is grouped by method and all binning strategies are compared (b). The lines connect the 
data points representing means of medians from measurement replicates (n = 3, 5, and 4, for cDC, sDC, and xDC, 
respectively). Error bars present the standard deviation of the medians. 

 



Supplementary Tables 
 

Supplementary Table 1| The decay constants, l, for the exponential curve fit to the relative deformability versus 
normalized osmolarity data for hyperosmotic shock obtained with cDC, sDC, and xDC. Fits were performed on 
medians from n = 3, 4, and 4 independent experiments, for cDC, sDC, and xDC, respectively. The fitted l values are 
reported together with 95% confidence intervals, CI, and associated p-values from two-sided t-tests for this parameter. 

 

 
cDC sDC xDC 

l 

1.206 

95% CI [1.065, 1.366] 

t(16) = 17.26 

p = 9.14 ´ 10−12 

0.780 

95% CI [0.695, 0.873] 

t(19) = 18.14 

p = 1.86 ´ 10−13 

0.397 

95% CI [0.363, 0.433] 

t(19) = 24.02 

p = 1.12 ´ 10−15 

 

  



Supplementary Table 2| Fit parameters for the four-parameter log-logistic regression fit to the relative deformability 
versus LatB concentration data obtained with cDC, sDC, and xDC. Fits were performed on medians from n = 3, 5, 
and 4 independent experiments, for cDC, sDC, and xDC, respectively. The fitted values are reported together with 
95% confidence intervals, CI, and associated p-values from two-sided t-tests for each parameter. 

 

 cDC sDC xDC 

b (slope) 

−4.47 ml ng−1 
95% CI [−14.13, 5.18] 

t(19) = −0.97 
p = 0.34 

−2.06 ml ng−1 
95% CI [−3.20, −0.94] 

t(31) = −3.74 
p = 7.57 ´ 10−4 

8.71 ml ng−1 
95% CI [−72.57, 89.99] 

t(24) = 0.22 
p = 0.83 

c (lower limit) 

1.04 
95% CI [0.97, 1.10] 

t(19) = 35.31 
p < 2.20 ´ 10−16 

1.00 
95% CI [0.95, 1.05] 

t(31) = 38.13 
p < 2.20 ´ 10−16 

0.96 
95% CI [0.54, 1.38] 

t(24) = 4.69 
p = 9.03 ´ 10−5 

d (upper limit) 

1.46 
95% CI [1.38, 1.53] 

t(19) = 39.71 
p < 2.20 ´ 10−16 

1.52 
95% CI [1.44, 1.60] 

t(31) = 37.73 
p < 2.20 ´ 10−16 

1.03 
95% CI [1.00, 1.06] 

t(24) = 77.72 
p < 2.20 ´ 10−16 

e (EC50) 

11.92 ng ml−1, 
95% CI [6.82, 17.01] 

t(19) = 4.90 
p = 9.93 ´ 10−5 

14.85 ng ml−1, 
95% CI [9.62, 20.07] 

t(31) = 5.80 
p < 2.20 ´ 10−16 

78.24 ng ml−1 
95% CI [−273.0, 430] 

t(24) = 0.46 
p = 0.65 

 

  



Supplementary Table 3| Demonstrated applications of deformability cytometry methodologies. Summary of studies 
employing different types of deformability cytometry to investigate various processes in cell lines and in primary tissue 
samples. 

 

method demonstrated biological applications 

cDC 

cytoskeleton perturbations1–6, chromatin reorganization4, nuclear envelope 

alteration4,7, inflammation mediation2, leukostasis2, cancer cell discrimination5,8, 

cancer cell invasion potential8, endothelial-mesenchymal transition9, osmotic stress6, 

protein synthesis inhibition6, cell cycle progression6, neutrophil differentiation7, 

oxidative damage of erythrocytes10, circulating tumor cells and blood cells 

dicrimination9,11 

sDC 

cytoskeleton perturbations12–14, cell cycle progression12,15, blood cell type 

discrimination12,16,17, cancer malignancy14,18, erythrocyte pathologies16,19, leukocyte 

activation16,20,21, leukemia subtypes discrimination16, stem cell differentiation22–24, 
characterization of hematopoietic stem and progenitor cells25, characterization of rod 

photoreceptors26, yeast dormancy27, viral infection of a human cell line28, ability to pass 

through microcirculation29 

xDC 

cytoskeleton perturbation (at low probing rates)30,31, chromatin reorganization32, 

nuclear envelope alteration32, stem cell differentiation32–34, characterization of blood 

cells9 and cells in pleural fluids33,35, cancer malignancy35, leukocyte activation33,36, 

heat-treated erythrocytes37 

  



Supplementary Note 1 

Estimation of Stress and Strain 

Rotational Symmetry of Deformed Cells 

During a microfluidic deformation experiment, a spherical cell adapts a three-dimensional deformed shape: a 

prolate ellipsoid in case of cDC and xDC, and a bullet-like shape in case of sDC (Supplementary 
Figure N1.1). Depending on the geometry of the microfluidic system used, the obtained shape can be 

rotationally symmetric with respect to the angle 𝜙 about the rotation axis 𝑥 aligned with the longest shape 

dimension, or rotationally asymmetric. In case of cDC, the measurement channels used were 6 μm wide and 

15 μm high which resulted in a deformation into a rotationally asymmetric ellipsoid (Supplementary 
Figure N1.1a). sDC channels had a square cross-section of 20 × 20 μm resulting in a rotationally symmetric 

bullet-like shape (Supplementary Figure N1.1b). In xDC, the channels were 60 μm wide and 30 μm high. The 

extensional flow comes from both sides along the 𝑦-axis and exits the cross-junction towards the 𝑥-direction 

causing the cells to compress in 𝑦, and extend in 𝑥 and 𝑧 in an asymmetric way. This resulted in an ellipsoid 

that was not rotationally symmetric about the 𝑥 axis (Supplementary Figure N1.1c). 

 

 

 
Supplementary Figure N1.1| The 3D shapes obtained during microfluidic deformation of spherical objects and 
their rotational views. (a–c) 3D projections of shapes obtained during cDC (a), sDC (b) and xDC (c) measurements 
presented from two rotational angles 𝜙. The	𝑥𝑦𝑧-directions are given for reference in the upper left corner of each image. 
The gray transparencies in the upper row indicate 𝑥𝑦-plane.  



Strain Estimation 

We define strain, 𝜀, experienced by the cell as a deviation of the local cell radius, 𝑟, from the radius of an 

undeformed cell, 𝑟(, along the polar angle 𝜃 within a plane of interest at a given rotation angle 𝜙 about the 

rotation axis 𝑥 aligned with the longest shape dimension (as depicted in Supplementary Figure N1.1): 

 
𝜀(𝜃, 𝜙) =

𝑟(𝜃, 𝜙) − 𝑟(
𝑟(

. 

 

(1)  

The local strains in 𝑥𝑦-plane, 𝜀01, and	𝑥𝑧-plane, 𝜀02, can be formalized as follows 

 

𝜀01(𝜃) = 𝜀(𝜃, 0), 

 
(2)  

 𝜀02(𝜃) = 𝜀 4𝜃,
𝜋
27. 

 

(3)  

The maximum absolute strain experienced by the cell, 𝜀89:, is defined as  

 

𝜀89: = max(|𝜀(𝜃, 𝜙)|), 

 
(4)  

while the mean absolute strain, 𝜀	̅, experienced over all polar angles 𝜃 ∈ (−𝜋, 𝜋) at every rotation angle 𝜙 ∈

(−𝜋, 𝜋) can be denoted as 

 𝜀̅ 	= 〈|𝜀(𝜃, 𝜙)|〉. 

 
(5)  

For cDC, 𝑟( is estimated for each cell from the measured cell volume as described in Methods section, and 

𝑟(𝜃, 𝜙) is calculated assuming volume conservation and a deformation into an ellipsoid with the maximum 

principal axes length in 𝑦 and 𝑧 determined by the width (6 µm) and height (15 µm) of the microconstriction, 

respectively. The graphical representation of the cell deformation in 𝑥𝑦-plane together with the mean local 

strain estimates in 𝑥𝑦- and in 𝑥𝑧-planes are presented in Supplementary Figure N1.2a. The maximum 

absolute strain, 𝜀CD0, for an cDC measurement on untreated HL60 cells was located at the ellipse tip along 

the major axis and amounted to 92%, while the average absolute strain, 𝜀,̅ amounted to 37%. 

For sDC, 𝑟( is estimated for each cell assuming a sphere of volume equivalent to the volume calculated by 

rotating a bullet-shaped contour of deformed cell around its symmetry axis. 𝑟(𝜃, 𝜙) represents the distance of 

the fitted contour to the shape’s center of mass. The graphical representation of the cell deformation in the 

imaging plane 𝑥𝑦 as well as mean local strain estimates 𝜀01(𝜃) and 𝜀02(𝜃) are presented in Supplementary 

Figure N1.2b. The maximum absolute strain, 𝜀CD0 , for an sDC measurement on untreated HL60 cells is 

located at the tip of bullet-like shape and amounted to 47%, while the mean absolute strain, 𝜀,̅ amounted to 

17%. 

  





Supplementary Figure N1.2| Radial representation of local strain experienced by untreated HL60 cells during 
microfluidic deformation experiments. (a–c) A graphical representation of undeformed and deformed sphere 
cross-section in the 𝑥𝑦-plane together with local strain estimate in 𝑥𝑦- and 𝑥𝑧-planes along the polar angle 𝜃 for cDC (a), 
sDC (b), and xDC (c). (d) An overlay of local strain in 𝑥𝑦- (left-hand side) and 𝑥𝑧-planes (right-hand side) for all three 
methods. For all plots, lines represent means over n = 1,428, 928, and 6,157 events for cDC, sDC and xDC, respectively, 
gathered in one representative experiment on untreated HL60 cells. Shaded areas represent standard deviations. 
 

For xDC, 𝑟( is specified for each cell based on the cell diameter estimated from undeformed cell images, and 

𝑟(𝜃, 𝜙) is calculated assuming volume conservation and a deformation into an ellipsoid with the experimentally 

determined major and minor axes in the 𝑥𝑦 -plane (𝑎  and 𝑏  in Figure 1c, respectively). The graphical 

representation of the cell deformation in the imaging plane 𝑥𝑦 as well as mean local strain estimates 𝜀01(𝜃) 

and 𝜀02(𝜃) are presented in Supplementary Figure N1.2c. The maximum absolute strain, 𝜀CD0, for a xDC 

measurement on untreated HL60 cells was located at the ellipse tip along the major axis and amounted to 

60%, while the mean absolute strain, 𝜀,̅ amounted to 24%. 

An overlay of 𝜀01(𝜃) and 𝜀02(𝜃) for all three methods is depicted in Supplementary Figure N1.2d. 

Strain Rate Estimation 

The strain rate is calculated for the individual methods according to the formula 

 𝜀̇ 	=
𝑑𝜀
𝑑𝑡 =

𝜀̅
𝜏	, 

 

(6)  

where 𝜀̅ is the mean absolute strain defined in Equation (5) and 𝜏  is the characteristic timescale of the 

measurement or, in other words, the time in which the cell is deformed, and is specified for each method in 
Table 1. 

Stress Estimation 

The stress applied to cells passing through the microconstriction in an cDC measurement can reach a maximal 

value corresponding to the total applied pressure differential that drives the fluid flow in the system set to 1 kPa. 

This stress is applied providing that the cell fills the entire cross-section of the constriction. In reality, there are 

gaps between the cell and channel walls. The expected total applied stress is therefore close to, but below, 

1 kPa. 

There are two types of stresses acting on a cell during an sDC experiment: hydrodynamic shear stress, 𝜎LM, 

arising from velocity gradient inside the channel and acting tangentially on the cell surface, and hydrodynamic 

pressure, 𝜎N, which arises from pressure gradients and acts in the direction perpendicular to the cell surface. 

The magnitude of these stresses can be derived analytically for a case of a channel with circular cross-section 

using a flow-field calculated with stream function approach as previously described38. The calculations for the 

channel with circular cross-section were shown to deliver a good approximation of the stresses acting on the 

cell in a square channel of corresponding dimensions38. The results of the estimations for the parameters used 

during sDC experiments in our study are show in Supplementary Figure N1.3. The peak shear stress acting 



on the cell surface amounts to roughly 0.43 kPa, and the peak hydrodynamic pressure to 0.78 kPa. Therefore, 

we can conclude that the deformation-relevant peak stresses in sDC are on the order of 1 kPa. 

Supplementary Figure N1.3| Analytical estimation of surface stresses acting on an undeformed sphere passing 
through a circular channel approximating an sDC experiment. (a–b) A map of hydrodynamic shear stress (a) and 
hydrodynamic pressure (b) on a surface of a sphere of radius 6.5 µm passing through a cylindrical channel with a diameter 
of 20 µm at a flowrate of 0.04 µl s-1 and medium viscosity of 5.7 mPa s, corresponding to the shear-adjusted viscosity of 
the used measurement buffer39. 

In xDC, there are two type of forces acting on a cell in the extensional-flow region, the drag force and the shear 

force, with the drag force being three order of magnitudes bigger than the shear force33. The drag force acting 

on a cell is estimated to exceed 1 µN33, therefore the corresponding estimated stress acting on a cell with a 

diameter of 15 µm would amount to values exceeding 5.7 kPa. 
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