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Power-law rheology of adherent cells by local optical stretching and
implications for mechanical modelling

Alexander Janik, Tobias Neckernuss, Kay-E. Gottschalk, and Othmar Marti
University of Ulm, Institute for Experimental Physics, Albert-Einstein-Allee 11, 89081 Ulm

$1 Intracellular and cell-to-cell variations of the RI and potential artifacts

Prior to the stretching measurements, the optical path difference of the cell at the measured spot and
intracellular location was measured for all cells in regular medium, to estimate the height, and for most cells
also in index matched medium. This allows for the calculation of the median height and RI. The results and
the calculation procedure can be found in Figure S1 and the caption. The median values are compiled in

Table S1.
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Figure S1 Height and RI distribution for the 3T3 and HeLa cells in Fig. 4 in the main text. The samples were
measured both in regular medium (ny=1.335) and index-matched medium (n=1.3674). The median phase
shift was calculated for both immersion media, which allows the calculation of the median height and RI for
each group. Left: Height distribution calculated from the measurements in regular medium, under the
assumption of a constant refractive index for each group. Right: Refractive index distribution calculated
from the index matched measurements, assuming that each cell exhibits the previously calculated median
height. The dashed lines indicate a £10% deviation from the refractive index difference compensated by
index matching. Regular and index matched measurements were taken from the same samples but from
different cells. The phase shift was not determined for all index matched cells since it could not be used for
estimation of the height. The height for HeLa cells above the nucleus was estimated assuming the same
refractive index difference between nucleus and cytoplasm as in 3T3 cells. Data were acquired from 7 (3)
different samples of 3T3 (HeLa) cells.



Table S1: Median cell height and RI with 25th and 75th percentile. Assuming the same height for all cells in
turn allows an estimation of the RI distribution from the measured residual phase shift in index matched
medium (right). The distributions appear broadened due to the variability of the respective other quantity.
The corresponding box plots and a more detailed explanation can be found in Figure S1.

3T3 above cyt. 3T3 above nucl. HelLa cyt. HeLa nucl.
h [pm] 2.16%3% 3.10%5%, 3.513 291090
An 0.0327%85%%s, 0.0333%85%%0, 0.0338%99%7,

How do deviations of the RI from An = 0.0324 affect the optical stretcher measurements?

e The median values for different cell lines and measured spots deviate by ~ 1 — 5% from An =
0.0324. A cell population on a cover slip is measured in normal and subsequently in index matched
medium, which differ by An = 0.0324. Therefore, An = 0.0324 is the correct quantity to calculate
the Young's modulus according to equation 1 in the main text.

o Local as well as cell-to-cell variations of the Rl lead to some variability of the applied force, and thus
of the calculated moduli. We however believe this is a minor effect. For the two cell types and
intracellular locations, 62% of the measured spots exhibit a Rl within +10% of An = 0.0324 of the
index matching medium (see Figure S1). The real spread is smaller, since the RI distribution was
calculated assuming the same height for all cells. Furthermore, the variability of the applied force is
smaller than the variability of the local measured (projected) RI, since organelles in the cell interior
increase the spread of the projected RI, but they do not change the net upward force.

e Some authors have found a lower average RI of the nucleoplasm compared to the cytoplasm in live
cells (~5—11% for HelLa [19], ~ 20% for different eucaryotic cell lines [20]). A lower RI
nucleoplasm does however not affect the median elastic modulus. The organelle is slightly
compressed during stretching as well as during the index matched reference measurements. The
subtraction of the latter eliminates this effect. The fact that the RI of perinuclear cytoplasm and
nucleus is similar in our measurements might stem from the fact that we measured in the center of
the nucleus, where the nucleoli tend to be.
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Figure S2 A: NIH-3T3 cell. The membrane was stained with CellMask deep red plasma membrane stain (Life
Technologies, Darmstadt, Germany) and the detection laser (4 = 633nm) was scanned along the indicated
area with a high N.A. objective (Zeiss Plan Neofluar, 63x1.3). Scale bar: 10um. B: Confocal fluorescence x-z
cross-section of the cell in A. Fluorescence and interference signal were recorded simultaneously. C: The
cell height was deduced from the fluorescence cross-section, and is superimposed with the height from the
optical path length difference, assuming n = 0.03. The optical path length deviates mainly in some spots
where objects are discernable in the bright field image in A. D: Refractive index cross-sections of six NIH-
3T3 cells, deduced from cell height obtained from fluorescence and optical path length difference obtained
from interferometric measurement. Near the edge of the cell, the height from fluorescence cannot be
reliably determined. The central parts of the cells yield An = 0.0302 £+ 0.0028. The profiles were recorded
at room temperature. At T = 36°C, refractive index is seemingly about 10% higher, indicted by the higher
concentration of Optiprep necessary for index matching.



S2 Further discussion of potential artifacts

2.1 Surface roughness of HeLa and 3T3 cells and impact by the pericellular brush

Surface roughness might have an impact on the axial force applied by the laser, since a locally tilted
membrane would lead to lateral deflection of photons and lower axial force.

Caveoli

A 3T3 cell exhibits ~16 + 1 caveolae and smooth caveolar invaginations [1]. Since their diameter is ~70nm,
two caveoli in the area of the stretching beam spot only make up about 0.1% of the surface area.

Tubular extensions

Tubular extensions on the cell surface, such as microvilli, are a prominent feature of different cell lines, and
are especially abundant in cancer cells [22]. However, due to their small base dimensions, they do not
significantly change the force on the membrane by the w, = 1.61um beam. Their density can be estimated
from electron micrographs. Ref. [4] found r = 50nm and a grafting density (pgp) of 1.7um™2, so the tube
bases cover 1.3% of the cell surface. Grafting densities of tubular extensions varied from 0.51um™2 to
1.56um™2 for HeLa and 0.77pum™?2 to 3.4pm™2 T47D and TR-75 breast cancer cells [22], which corresponds
to surface coverages of 1.3% and 2.7%.

Other surface features

The surface topography of a HeLa cell probed by scanning ion conductance microscopy shows ridges of
~0.5um height and 0.25um width, which make up a small part of the surface area, and relatively flat areas
in between [3]. Quantitative AFM studies of surface topography mostly include fixation. A systematic study
with paraformaldehyde however found ~ 3.5% shrinkage and increased roughness from the treatment [6],
so it should allow an estimation of the upper bound. A representative AFM line profile of a HeLa cell fixed
with glutaraldehyde is shown in [2], digitizing it yields an average tilting angle of the surface of 20.3° [6].
AFM height profiles of paraformaldehyde fixed microglial cells and human primary keratinocytes shown in Ref.
[5] largely stay below a tilting angle of 10°. They also examine microroughness of cells by applying high pass
filters, isolating features of lateral size below 100nm, and got Rpys = 2nm.

These results support our approach of neglecting surface roughness - an assumption has also been made
for the established suspended stretcher. It is however possible that there are cell lines or scenarios with a
particularily rough topography that impacts the applied force. Extensive blebbing, for instance, has been
observed on HeLa cells during cell division [4].

Glycocalyx

This soft layer mainly of polysaccharide chains emerging from the cell membrane can be detected

mechanically by AFM indentation. We do however not expect it to impact the signal measured by optical

stretching for the following reasons.

1. Since the glycocalyx (GC) has to our knowledge not been observed on 3D RI maps by optical diffraction
tomography (ODT), and on our correlated fluorescence- phase shift measurements (Fig. S2), we expect
Ang,, to be less than 10% of An ytopiasm- This reduces the force and thus the deformation by at least
10 X and additionally decreases the optical path length difference for a given deformation § by 10 X.

2. The glycocalynx [22][26] and artificial brushes [23] can be described by polymer brush theory, which
allows an estimation of mass density, RI and stiffness. Parameters for both hyaluronic acid (HA)
biomimetic brushes and cells are compiled in Table S2. We estimate mass density, RI change and relative
contribution to the signal from the GC. In summary, the signal contribution is negligible, since brushes
are either long and the signal is low due to the low An, or An is higher, but the layer is flat and stiff. For
this we assumed incompressibility and hence material being moved to the stretched center, but no
solvent inflow.

3. Chains with high graft density and high RI change are however mostly aligned in parallel (the brush
regime [22]). Stretching them would thus mainly lead to medium inflow, i.e. a Poisson’s ratio near 0.
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This does however not lead to an increase in optical path length measured by our setup, and would thus
not disturb the signal.

We also note that the force on the membrane is not lowered for a stiff (E > 10kPa), high RI GC such as the
last row of Table S2, since the force on the GC is also transmitted to the Membrane.

Table S2: Estimated parameters for the glycocalyx and impact on optical stretching under the
assumption of incompressibility. The cited studies represent the range of parameters found for the GC.
The mass concentration in the brush c is estimated from graft density (psp), molecular weight (my,,
assuming 1MDa for the cells from [27] and, for a conservative estimate, 6MDa in [26], based on the
higher GC) and height h as ¢ = pgp - my/h. For the cells from references [26][27], we calculate the
elasticmodulus by E = 3k, Tp}/? 1. An s calculated from the change in refractive index per concentration
of the solute dn/dc (0.17 mL/g for hyaluronic acid, similar for most biomolecules [25]). Any = 0.0327
is the RI difference at the cell membrane. The deformation of the GC from optical stretching over the
deformation of the cell membrane is 6;,/6, = (E, /E) - An/An,. It is based on E; = 0.25 kPa, the
approximate stiffness value obtained for HeLa and 3T3 cells in the main text, and a viscoelastic half-space
assumption. Az, /Azg,r 0 = 6 /89 X An/An, is the relative difference in optical path length, which is the
signal measured by the presented setup. The final relative contribution to the signal is Az, /Azg, o X 6/

0, Which includes a correction factor due to the finite thickness layer: §/8, = 1/ [1 + 0.6719w,/h +

2 3 4
0.6265 (=2)  + 0.04553 (=) + 0.003623(=2) | ([15], for indentation with a spherical tip, this correction
h h h

factor is even smaller [29]). Parameters for the outer brush layer in [26] are difficult to estimate, but due to
the low density negligible. In [22], up to 50000 chains per flat cell surface (corresponding to pgp =
10000/pm? including membrane tubes) were directly measured on modified epithelial cells with a dense
MUC-1 GC. Some high MUC-1 cancer cells (Hela, T47D, and ZR-75-1) were found to have comparable grafting
densities. With h =135nm (contour length: 270nm) and a molecular mass of m,; =350kDa we estimate the
contribution based on 58 kDa HA brushes, however the layer is most likely stiffer for MUC-1 since m,, is
much higher due to the side chains.

system height, grafting density, mass concentration in the An/An, [ Azyp, relative signal
brush, elastic modulus /8o /DZypi0 contribution
850 kDa HA brushes [24] h=0.43um, p;p = 183/um?,¢ = 0.59 g/L,E =40Pa  3.0x10"* 0.019 5.6x107° 3.6 x107°
58 kDa HA brushes [24] h=0.11um, pgp = 9430/um?,¢c = 8.3 g/L E = 0.043 0.262 0.0011 2.4x107°
10 kPa
A549 [27] h=0.42 um, p;p = 88/um?, ¢ = 0.35g/L, E=10Pa 1.8%x107% 0.046 82x 1075 5.1x107°
EAhy92 [27] h = 0.21 pm, pgp = 251/pm?, ¢ = 2.0g/L, E=48Pa 0.01 0.054 5.6x 107 7.4 %107
Guinea pig fibroblast [26] h=3.4um, p;p = 272/um?, c=0.80g/L, E=54Pa 41x107% 0019 26x107° 1.76 X 107
outer brush layer [26] h=37 um, pgp = 12/pum?
High MUC-1 cancer cells [22]  h ~ 0.13nm, pgp ~ 10000/um? 0.23 E unknown <1074

! According to Alexander-de Gennes theory, a common brush model to interpret AFM curves [27], the pressure upon deforming a
neutral polymer brush of height h by e = Ah/his p = (kgT/s*)[(1 — £)*/* — (1 — €3/4)][28]. s is the RMS separation distance of
adjacent chains. We calculate E (&) = dp/de and perform a taylor expansion for very small deformations. This gives E = 3kgT/s3,
similar to E = 13kgT/(ms®) derived for (charged) HA chains in Ref. [24], and we approximate s = /1/psp
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2.2 Forces due to an electric field gradient

Forces on small dielectric particles in an electric field gradient are exploited in optical traps. For dielectric
particles much larger than the wavelength, the resulting forces can be described by ray optics [7], which
leads to the interface forces that are the basis of the optical stretcher presented in this paper. Since the laser
nwé
2
experience a net lateral force pulling them towards the beam center. For a high refractive index object such

as a lipid droplet with n = 1.6 and r = 0.25um, this results in a maximum gradient force per input power
of 10.3 pN/W at a distance of w,/2 (Rayleigh approximation, equation 16 in [8]). This is about 10% of the
optical stretching force for An = 0.0324 (108 pN/W). Optical tweezers typically exert much higher forces.
A tightly focused laser (w = wy/4) results in an electric field gradient and a resulting lateral force 16 X
higher for the same power.

Another argument against significant unwanted manipulation of the cell interior is the observation, that the
measured phase shift when the laser is on, but stretching is prevented by index matching (intracellular
contributions, measured by index matching, Fig. 3) is negative. If small dielectric particle with n > n,,.4ium
would be accumulated in the beam due to gradient forces, this would result in a positive phase shift.

is not tightly focused in a spot but has a Rayleigh length of ~ 13um, dielectric particles inside the cell

2.3 Stretched surface curvature and lensing effect

The cell is deformed by the stretching laser (2w, = 3.22um), and the center of the deformed area is probed
by a probe beam (2w, = 0.64um). Since the probe beam waist is much smaller, a constant phase shift across
the beam has been assumed, which is obtained by fitting the interference fringes on the camera (see section
2.3). This assumption and the potential impact of a lensing effect due to the curved, deformed surface, is
assessed here.

Silica microspheres of two diameters were used: 1.574+0.02 um (Duke Standards, Thermo Fisher Scientific,
USA) and 4.5 + 0.12 pum (Microparticles GmbH, Germany). Mixtures of water and glycerol were prepared to
create a RI difference of An = 0.0324 to mimic the locally curved surface of a cell. The RI of the
glycerol:water mixtures at A = 633 nm was estimated as the mean value of [13] (670 nm) and [14] (589
nm). For a glycerol mass concentration ¢, > 0.6, itisn = 1.32302 + 0.14827 - ¢;;,4ss- First, mixtures with
a RI close to n = 1.4567 were created (RI of commercial fused silica at 20° and 1 = 643.8 nm [12]) to
determine the RI of the beads. We obtained ny,.,4 = 1.4545 + 0.0005 for the 4.5 um beads and nyeqq =
1.4509 £ 0.0005 for the 1.57pum beads. Then, mixtures of ¢, =0.6689 (4.5 um, An = 0.0323 + 0.0005)
and 0.6687 (1.57 um, An = 0.0287 + 0.0005) were prepared. The detection beam spot was positioned in
the center on the upper bead surface, and the height difference was measured with the same interferometer
used for optical stretching.

The measurement procedure is explained in Figure S3 C and the caption. The obtained diameters are shown
in Fig. S3 A.
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Figure S3 A: The bead diameters for both bead sizes (n=8 and n=17) B Bead diameter for 4.5 um beads with
and without the stretching laser C: To determine the bead diameter, videos of the interference signal were
acquired, while the detection laser spot was moved across the beads. Top: 4.5 um beads. At the beginning,
the detection beam is positioned on the bead with the stretching laser at 200mW being applied for two
seconds (arrows). Bottom: 1.57 pm beads. Some noise due to manually moving the microscope stage can
be seen. The bead center is visually hard to see due to low contrast and aberrations, so the highest peak
without strong disturbances before and after (arrow) is the measured bead diameter.

The measured diameter exhibits a relative error of 30.6% (d = 1.57 pm)
and 21.6% (d = 4.5 um), while the curvatures are higher by x 198/69
compared to optical stretching lock-in measurements (Fig. 4A) and ~
X 12.5/4.3 compared to the cytochalasin measurements (Fig. 2). For optical
stretching, the curvature ¥ = 1/R of the deformed cell surface is estimated
from the deformation § and the 1/e%-beam radius wj, as illustrated on the

right, which leads to k = The real shape of the deformation is

82+w3’
unknown, but for the extreme case of an elastic half-space, the deformation
Az at a distance w, from the center is still about half the maximum
deformation &[15]. Therefore, this geometric estimate of k appears
reasonably conservative. The results and curvatures for beads are compiled
in Table S3.
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Table S3: The measured bead diameters, absolute errors and curvatures are compared to the deformation
(median, 25/75 percentiles) and curvature during lock-in stretching experiments.

beads beads optical stretching of cells
d =1.57 pym d = 4.5 um lock-in, 1Hz, HeLa, Fig. 3
dppeas (Mean + std) 1.0940.09um  3.5340.11 um 5 =16.6 233 nm
curvature k 2x1.27 um™1 2 X 0.44 um™1 K= STl =0.0128um™!
abs. error over k: % 0.189um? 1.1um?
error for £-%meas —
B A8 = 0.189 pm? - k = 2.4 nm
0.189um?

The error of the obtained diameter is apparently comprised of an error scaling with the measured diameter
(relative error) and an absolute error. We assume here that the errors scale with the curvature, which is
proportional to the refractive power of a lens. Since the curvature of the deformed cell surface is much
smaller than the one of the beads, any relative errors become negligible. We now assume the worst case,
that the total deviation for the d = 1.57 pm bead (0.48 um) is an absolute error independent of the amount
of deformation. Rescaling this value to the curvature of the cell results in an error of 2.4 nm or 14.5% for
the lock-in measurements (see last row in Table S3), and 14.2% for the cytochalasin B measurements (Fig.
2). In reality, the error for the cytochalasin experiment might be higher, since the measured deformation
appears lower because of the negative phase shift (Fig. 3), which is not corrected for in this measurement.
This does however not change any interpretations as this is more of a qualitative measurement. Since the
RI difference of the d = 1.57 um bead was An = 0.0287 instead of An = 0.0324, we conclude that the
optical stretcher slightly overestimates the elastic modulus by less than 16%.

Another potential artifact is a thermal lensing effect resulting from heating and a RI gradient above the cell.
If this causes an error proportional to the deformation, this would not correctly be taken into account by
subtracting the reference measurement. To see whether the presence of a thermal gradient affects the
measured height, Az was measured with the laser on at a power of 200 mW with the waist on the upper
surface of the bead (Fig. S3 C, first arrow). In analogy to stretching, a reference measurement is taken at a
nearby spot without a bead, and subtracted (Fig. S3 C, second arrow). The results are shown in Figure S3 B
and are compiled in the following table. The measured height difference deviates by only 0.3% and can thus
be neglected.

Laser off Laser on
Az for n — npyeqjum = 0.0324 Azyrr =3.62 £0.12 Az,, = 3.63+0.09

S3 E,-p correlation for individual 3T3 and HeLa cells

In Figure 5 in the main text, the medians are fitted, but to examine if our measurements exhibit a correlation
between InE, and £, we additionally fitted the E*(w)-curves of individual cells. We observed, that
individual noisy data points at a single frequency lead to large errors in the resulting fit. Therefore we
performed robust fits minimizing the sum of absolute errors. We also included the periphery (Fig. S5) since
it exhibits a clear E,-f correlation.

There seems to be a weak correlation for nucleus and cytoplasm in Figure S4 A and a stronger one for the
periphery. Despite the robust fit there are a few erroneous data points at § = 0. We decided not to exclude
them, and averaging over nucleus and cytoplasm exhibits almost no negative correlation between
individual cells (R? = 0.035, Fig. S4 B). One factor that reduces the accuracy for individual cells is the fact
that for calculation of E*, several cells of the same sample are later measured in an index-matched medium,
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and the median of these measurements is subtracted from the value obtained from stretching the individual
cell. Since we want to correct an intracellular contribution to the signal, we can expect that it is proportional
to the height of the measured cell. After weighting the signal from RI matched cells with the height of the
individual cell before subtraction, a weak correlation of E, and 8 becomes apparent (R? = 0.15, Fig. S4 C).
For calculation of the medians in the main text, this only has a minor effect. In Figure S4 D we did not
incorporate this, but we averaged over nucleus, cytoplasm and periphery of each cell. A stronger correlation
can be seen.

Hecht et al. [17] found E, positively and f negatively correlated with the local height of the cell for h <
0.5 pm, which might indicate, that a negative E,-f correlation is actually an effect of the underlying stiff
substrate. It is frequently claimed that this effect is negligible for indentation depths <10% of the local
height, but the stress profile in an elastic continuum heavily depends on the lateral size of the deformed
area [15]. So in Fig. S4 E, E,, and f are plotted over the local height. Below h = 0.8um, where the substrate
effect should become more and more pronounced, there is no correlation. An uncertainty of the height
measurement is most likely not the reason for the absence of correlation, as we expect it accurate up to
+0.05um for such small heights. The fact that the median f is very similar to the other intracellular locations
also suggests that the E-f correlation is not due to the stiff substrate. Park et al. [21] observed on patterned
substrates and human airway smooth muscle cells, that the stiffness E, increased and £ decreased in
corners with focal adhesions and stress fibers, but not near straight cell edges. For NIH-3T3 cells, this could
explain the E,-f correlation, since the periphery spots were mostly in such areas, while for HeLa cells, there
were also areas resembling lamellipodia.
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Figure S4 Correlation of E; and £ between individual cells. A: E*(w) was fitted with the structural
damping equation (eq. 9, main text) for each cell and intracellular location. Since single outliers
especially at w = 1Hz but also at w = 480Hz strongly impact the fitting result, robust fitting was used
and the sum of absolute errors was minimized. Data are the same as in Figure 5, but the periphery
(Figure S5) is additionally included. B: The data from A, with above nucleus and cytoplasm log-weighted
averaged for each cell. C: To improve the accuracy for individual cells, the index-matched measurement
to be subtracted, which estimates the intracellular negative phase shift, was weighted with the
measured height for each cell. D: Log-weighted average of above nucleus, cytoplasm and periphery. E:
To examine a potential effect of the stiff substrate on the measurements in the periphery, E, and 8 are
plotted over the local cell height.
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We found three publications that examined cell-to-cell In E- correlations for MEFs or 3T3 cells (Table S4).
The slope Inty ® —5.4 is lower than for Cai et al.[18] and much lower compared to the other two and to the
In E,-B correlation for MEF/3T3 between different AFM studies in the main text (Fig. 5D). Cai et al. indented
with much larger tips and contact area (13.4um?), which is more similar to optical stretching. Also their
data were much noisier. A plausible explanation for the low slope and the broad distribution for optical
stretching is, that there is some noise in 8, which makes the fit fail to capture the steep slope. It should be
noted that most publications that examine the E,-f correlation do so between samples with different drug
treatments or cell lines, but rarely for individual cells.

Table S4: Results from fitting In E, over § in Fig. S4, and comparison with publications that examined the
In Ey-f correlation for populations of mouse embryonic fibroblasts (MEFs) or NIH-3T3 cells with AFM
[16][17][18]. Results from [18] have been digitized using [6].

In(7o[s]) In(1/jo[kPa])
Fig. S4 (HeLa/NIH-3T3) —2.4/-5.4 —0.52/4+0.53
Hecht et al. (MEF) [16] -27.2 6.4
Schierbaum et al. (MEF) [17] -26.0 3.0
Meta analysis of 3T3 and MEF AFM studies -26.6 5.6
(main text Fig. 5D)
Cai et al (NIH-3T3) [18] -9.4 7.9
313

E [kPa]
10° ¢

E [kPa]
1 00 -

e E0=0.728, £=0.257, 4=0.00035

10 ———E;=0.605, 3=0.285, =0 | 1|

T I I ]

0 1 2 0 2
10 10w [HZ] 10 10 w [Hz] 10

Figure S5: The fits of the median values in the periphery for both cell types have been added for
completeness. They were conducted on the same cells as in Figure 5, main text, and measurement and
evaluation are analogous to those data for nucleus and cytoplasm. Spots were chosen close to, but not
right next to the edge of the cell, where much fewer intracellular structures were visible than in the cell
center. Median cell heights at the measurement spots: 3T3: 0.44um, HeLa: 0.55pum. The data point for
1Hz/E" /HeLa has been excluded from the fit. The reason for the low value is that the 1Hz
measurements are noisy and the deformations in the periphery are low, and if the real or imaginary
part of the deformation for a cell is negative it is set to zero.
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Figure S6: Multiple measurements in two different media without cells at Psgmpiemean = 315mW.
z" and z" is the apparent deformation, an artifact, that results from a phase shift due to heating of the water

column by the laser (see Figure 1 F in the main text, here: peak-to-peak app. deformation). DMEM with

4.5gL71 glucose, 5.958¢gL™! pH buffer and no phenol red is compared to the same medium with 10% FCS.
The relative error is similar for the five frequencies. Without FCS (with FCS), it is on average STI’Z_§IZ ) _

1.21% (1.07%) and e 1.53% (1.27%). While the artifact is higher with FCS in absolute terms, its

|z
relative (and also absolute) variability is lower. The artifact is subtracted by a reference measurement next
to the cell, so we conclude that FCS can be added without a significant deterioration of the signal-to-noise
ratio for lock-in measurements.
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8r ] % 20 Hz, DMEM solution
fit: —=' =0.78 - ;s —" =0.125 - 2
80 Hz, Optiprep-solution
P o fit: —&" = 0.70z + 0.70p; —” = 0.260z + 0.41pm
o L 80 Hz, DMEM-solution
. fit: —&' =0.65-2; —" = 0.206 -2
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~H fit: —¢’ = 0.41z + 0.54pm; " = 0.200z + 0.223pm
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Figure S7: Apparent in-phase and out-of-phase deformation when changing the focal height at
Prean,sampte = 63mW [15]. The minus sign reflects the negative phase shift from heating of the medium.
While the phase shifts from water are proportional to the focal height, there appears to be a jump for
optiprep within the first 1.33 microns, which is however below the focal height when we measure cells in
the perinuclear cytoplasm or above the nucleus.

13



spin coating with/without hexane

¢ FE'1:36 hexane
A E"1:36 hexane
||——E"' 1:36 no hexane
,,,,,,,, E" 1:36 no hexane
® E'1:42 hexane
% E" 1:42 hexane
]|/ E"'1:42 no hexane
1| B E" 1:42 no hexane
] E' 1:50
E" 1:50
E'1:50
E" 1:50
¥ E'1.70
¥ E"1:70
J|—E"1:70
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* E'1:100
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100 I . I |
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Figure S8 Optical stretching of PDMS thin films in air. Comparison of median complex modulus from ~
10 pm films spin coated at 7000 rpm (filled and open symbols) vs. ~ 10 pm films spin coated at 280 rpm,
where PDMS mixture was dissolved in 5 X the amount n-hexane (solid and dashed lines, 1:5 per weight).
N-hexane: n=2/2/2/1/1 films measured for 1:36/42/50/70/100; No hexane: n=2/2/3/2/2. A systematic
deviation is only present for the 1:100 film presumably because only one sample was measured. Error bars
are 25/75 percentiles and are only shown for hexane samples for clarity.
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