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ABSTRACT

Label-free filter systems are of great interest for extracting circulating tumor cells from patient blood based on
their mechanical properties. However, temperature dependence in this field has so far hardly been considered
and previous studies do not cover a wider range of temperatures, allowing only limited insight into the corre-
lation with the mechanical properties. Here, we use atomic force spectroscopy applied to single cells to inves-
tigate temperature dependence of mechanic cell properties at eight different temperatures between 15 °C and 39
°C. A strong, partly non-linear temperature dependency of the Young's modulus E, pause deformation d, and
maximal adhesion force Fuqp, of silicon nitride to A375 melanoma cells is shown, which occurs independently of
the cell size and on the time scale of a few minutes after temperature variation. Here, E, d, and Fog4, change by a
factor of about 2.2, 1.4 and 2.7 respectively between 17 °C and 37 °C. To test the applicability of the results in the
field of filtration, a microfluidic experiment with channels that contain filter structures with decreasing pore
sizes is conducted to quantify cell capture size and temperature dependency. As predicted from the non-linear
temperature dependent viscoelastic properties, the cells can penetrate to smaller pore sizes at higher
temperatures.

Statement of significance: This study systematically measures how melanoma cell mechanics change with tem-
perature, using fine temperature steps across a broad physiological range. We find that stiffness, deformability,
and adhesion vary strongly and nonlinearly with temperature, independent of cell size or scan direction. These
results were further validated in microfluidic filter experiments, confirming that temperature-controlled changes
in mechanical behavior can be exploited for selective cell separation. The comprehensive dataset and experi-
mental approach advance understanding of temperature-dependent cell viscoelasticity and demonstrate its
relevance for biomedical filtration technologies. This work introduces a new perspective on using physical cell
properties, rather than biochemical labeling, for potential applications in cancer diagnostics and circulating
tumor cell isolation.

1. Introduction

an isolation efficiency of 70 % while eliminating 99.99 % of the white
blood cell (WBC) population [2]. However, the small number of CTC and

Circulating tumor cells (CTC) play an important role in the process of
metastasis formation [1]. Filtering these tumor cells label-free from
blood for further analysis is still a big challenge that can be addressed
using various microfluidic methods such as filters, diagonal ridges or
inertial effects that rely on basic physical cell properties such as size,
stiffness, viscoelasticity or deformability [2-6]. The use of mechanical
parameters for isolation, such as size, is comparatively simple, fast, and
inexpensive, and therefore of great interest [7]. In experiments with
colorectal cancer cells spiked whole blood, Ribeiro-Samy et al. achieved
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overlapping mechanical properties of different cell populations in gen-
eral impede the filtering process considerably [2,3,8-11]. Allard et al.
discovered that on average <10 CTC/ml are found in patient samples
and that their diameter d can vary over a wide range from d < 4 pm to
d > 30 um even within a single patient [8]. Coumans et al. note a clear
overlap in the cell sizes of WBC and CTC and point out the size difference
between CTC and cultured cell lines [11]. Islam et al. recognised
considerable similarities between the Young's modulus of WBC and
Jurkat leukemia cells [3]. Chen et al. and Islam et al. showed clearly
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overlapping elasticities for CTC and WBC, although the different mea-
surement methods of the two studies must be considered here [3,10].

To optimise filter concepts, it is conceivable to take the temperature
into account, as this can have an important influence on the mechanical
properties of the cells such as the elasticity [9,12-16]. For instance,
Sunnerberg et al. showed that the Young's modulus of neurons at 25 °C is
2.1 times the value obtained at 37 °C [13]. Rico et al. were even able to
determine a 14-fold decrease between 16 °C and 37 °C with THP-1
monocytic cells [12]. By comparing six cell types, Li et al. showed that
a possible temperature dependence of elasticity largely relies on the cell
type and that, in principle, constant elasticity or even hardening is
possible with increasing temperature [9]. However, temperature has not
really been considered in many filter experiments to date [2-5,11]. At
the same time, the existing literature usually shows little insight into the
correlation between temperature and cell mechanics, as often only a
small amount of data points on the temperature scale (for example room
temperature and 37 °C) and only a low cell number was measured or
completely different methods were used [9,12-14,17].

To address this problem, we perform elasticity measurements using
atomic force microscopy (AFM). The investigated A375 melanoma cells
are indented with a flat cantilever up to a distinct force. Moreover, the
viscoelastic behavior under constant force and the adhesion force be-
tween cantilever and cell are extracted at a specific temperature. Here
we refer in detail to the measurement method of our previous work, in
which we were able to show that the measurement of the overall elas-
ticity of cells in a microfluidic manner is comparable to the method
using a cantilever without tip, suggesting transferability of the approach
used here [18]. Under these conditions as contact geometry a large
sphere is assumed [18]. As this method delivers the desired parameters
as global parameters for the whole cell, in contrast to local analysis
employing an indenter with tip, and additionally enables cells to be
measured multiple times under precise conditions we here stick with this
method to allow for application of our results for the field of cell filters
[18,19]. Consequently, the question arises as to what extent the infor-
mation obtained from AFM measurements on potentially
temperature-dependent cell mechanics can actually be transferred to
filter processes for cells.

The structure of the paper is as follows. First, the temperature
dependence of the mechanical cell properties is analyzed in detail and
checked for possible further parameter dependencies. Afterwards, as a
proof of principle, it is investigated whether these results are applicable
to filter systems. To do so, experiments are conducted to determine the
pore sizes at which the cells become stuck at different temperatures.

2. Methods

A more detailed explanation of the sections ‘AFM temperature
measurements’ and ‘AFM data acquisition and processing’ can be found
in the SL

2.1. Cell culture and sample preparation

The measurements were carried out with A375 human melanoma
cells (ATCC CRL-1619) as an exemplary approximation model for CTC.
They were cultured at 37 °C and 5 % CO, atmosphere in DMEM (BS.FG
0436, Bio&Sell GmbH, Germany, or comparable), supplemented with 10
% FBS (FBS.S 0615, Bio&Sell) and 1 % penicillin-streptomycin (BS.A
2213, Bio&Sell).

2.2. AFM temperature measurements

For the AFM measurements, the cells were seeded onto a cover slip
without further coating one to three days prior to the experiment and
cultivated in the regular medium. The measurements were carried out
using a JPK Nano Wizard I and a BioCell for temperature control (Bruker
Nano GmbH, Germany). For the experiment, the cover glass with the
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cells was carefully rinsed with medium without supplements to remove
dead cells and installed in the BioCell. Subsequently, the chamber was
filled with medium without supplements to proceed the experiment
under aqueous conditions. By omitting the supplements, artefacts
especially in determination of the adhesion forces due to the presence of
FBS may be prevented.

A triangular cantilever with a nominal spring constant of 30 mN/m
from the MLCT-O10 series (Bruker Corporation, Massachusetts, USA)
was used as the measuring probe. New cantilever chips or chips cleaned
in an oxygen plasma processor (Diener electronic GmbH & Co.KG,
Germany) rinsed with PBS phosphate buffer (without Ca & Mg, PBS-1A,
Capricorn Scientific, Germany) were utilized. The measuring lever was
regularly checked for contamination before and during the experiment.
The exact spring constant was calibrated at the beginning of the mea-
surement day using the thermal noise method. To calibrate the sensi-
tivity, a few force curves were recorded on an empty cover glass before
the actual measurement.

The measurements were carried out on cells of six different passages
at eight different temperature points (15.2°, 17°, 21°, 25°, 29°, 33°, 37°,
39°) with data won from 28, 48, 67, 87, 93, 70, 55 and 35 cells,
respectively. The six temperature points in the middle of the tempera-
ture range are chosen equidistantly and are completed by the two edge
points, whereby the otherwise very small temperature tolerances are
slightly higher at the lowest temperature, as this temperature is close to
the technical limit. Due to the lower cell numbers at 15.2 °C and 39 °C,
these data points are shown but not used for further quantitative
analysis.

To analyze the temperature dependence more precisely, for each
partial measurement, unless individual circumstances required in rare
cases otherwise, five cells were measured three times consecutively
(change cell after every force curve, see Fig. 1C), before the temperature
was changed, and then the same cells were analyzed again. The mean
value per cell and temperature was used for further analysis. The mea-
surement at one temperature itself took about three minutes, and the
temperature adjustment to a new temperature value took five to ten
minutes. The same five cells were measured at four temperatures per
partial measurement (see Fig. 2A). The set of all results of the described
partial measurements covers the desired broad temperature interval. In
total, 122 cells were analyzed. To avoid time-related artifacts, the
starting temperature was kept constant for about 30 min before starting
the experiments. Both increasing and decreasing temperature ramps
were applied in about half of the measurements, respectively. With re-
gard to cell viability, other experiments conducted under comparable
time and temperature conditions yielded values of over 90 % (data not
shown).

2.3. AFM data acquisition and processing

Using AFM, we examined the elastic (Young’s) modulus, pause
deformation, and adhesion force between cantilever and the cell. For
this purpose, force curves were recorded as exemplarily shown in Fig. 1A
and 1B The cells were indented at a speed of 1 um/s and an increasing
force of up to F = 2 nN with the flat cantilever (approach). After a one-
second break at constant force (pause) the cantilever was retracted again
at the same speed (retract).

For the determination of the Young’s modulus, we assume that the
contact area between a spherical measuring tip and a straight surface is
comparable to that of a flat measuring tip and a rounded cell. Previous
work by our group confirmed that this approach enables good compa-
rability with microfluidic approaches [18]. The Young's modulus can
therefore be determined from the approach curve with a fit model
(Fig. 1B, YM) provided by JPK Bruker using the variant of the Hertz
model for a spherical indenter with a radius of r = 10 um [20]. A detailed
assessment of the fit model can be found in the SI. The applied Poisson
ratio is v = 0.5, which is typically used and stands for the assumption of
incompressibility of the tested material [21,22]. An upper limit of
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around 10 % of the cell height is generally recommended as the
maximum penetration depth for the fit to minimize the influence of the
substrate [20,23]. However, to allow for a higher number of data points
to fit with the Hertz model, we decided on an upper limit for the
indentation depth of 1 um, which is slightly above this limit (data not
shown). A comparison to a lower fit height is presented later.

To determine the adhesion, we use the maximum adhesion force (see
Fig. 1B, Fuqn), as this parameter appears to be comparatively robust
against fluctuations in the baseline. To classify the viscous behavior, we
define the pause deformation. This is the difference between the canti-
lever tip positions (AFM head height corrected for cantilever bending) at
the beginning and end of our one-second pause segment, during which
we keep the force constant (Fig. 1A, dp).

2.4. Microchannel fabrication

Customized microchannels were used for the filter experiments.
These were manufactured using soft lithography, following a protocol of
our previous work [18,24]. In short, a negative mold is made from a
coated silicon wafer, which can then be filled with an elastomer (PDMS,
SYLGARD 184 Silicone Elastomer Kit, The Dow Chemical Company,
Michigan, USA). After the elastomer has cured, it can be peeled off, the
inlets punched out and bonded to a microscope slide using plasma
activation. The channel is now located between the glass and the PDMS.
A special channel layout (filter board) was developed for the filter ex-
periments (Fig. 3A). This consists of twelve pore walls with progres-
sively smaller pore sizes in the direction of flow. The channel height is
approximately 17 um, which is slightly greater than the cell size. This
ensures that there is no relevant overlap of the cells in the z-direction.

2.5. Filter experiments

To account for biological day-to-day variance, two experiments were
performed each day, one at a high temperature (approx. 36 °C) and one
at a low temperature (approx. 19 °C), each from a separate cell flask. The
filter experiments were carried out during five independent measure-
ment days. The respective microchannel was first rinsed with PBS and
subsequently with Albumin bovine Fraction V (10 mg/ml in PBS, SERVA
Electrophoresis GmbH, Germany). The adherent cells were removed
from the culture, rinsed, detached (0.25 % Trypsin, Sigma-Aldrich
Chemie GmbH, Germany), checked for viability, and centrifuged (3
min at 200 g). Subsequently the supernatant was removed, and the cell
pellet was resuspended in PBS. For the measurement, the cells were
diluted in such a way that enough cells flow through the channel in the
further run, but the frame rate (one image every 10 s) is sufficient for
adequate temporal resolution. This results in roughly 40 cells/min. The
flow rate in the experiment was 150 pl/h.

2.6. Statistics

For the statistical analysis we use 95 % confidence intervals, ANOVA
tests with Games-Howell Post Hoc Tests, Pearson’s correlation coeffi-
cient, two-tailed t-tests (without assumption of equal variances) and the
intraclass correlation (ICC) to examine the effective sample size
[25-29]. As an example, we analyze the ICC of the elasticity values
based on the force curves of the 55 cells measured at 37 °C. This ex-
amines to what extent the spread of the results within a cell compares to
the spread between the cells [25]. Based on the derivation from Lilje-
quist et al. [25] and with the restriction that the number of force curves
used per cell varies slightly and was therefore averaged, the result is an
ICC of 0.80 and thus a comparatively strong clustering within one cell
[26]. This is in line with our previous findings [18]. Therefore, as a
conservative approach, the number of cells can be used as the sample
size [26]. So, for each temperature, the results will be averaged per cell
and the mean values of the cells are then used as individual data points
for further evaluations such as confidence intervals.
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3. Results
3.1. Temperature dependent mechanical properties

First, in Fig. 1D-F the temperature dependence of various mechan-
ical cell parameters is presented. For this, the results from 122 cells out
of six different passages, each measured at four temperatures, were
combined. Three force-distance curves were recorded for each temper-
ature on each cell. The Young's modulus as a function of temperature
shows that the cells become softer with increasing temperature
(Fig. 1D). In the range between 21 °C and 33 °C there is an approxi-
mately linear decrease, complemented by two plateaus at higher and
lower temperatures. Overall, the Young’s modulus changes from E =
(653 + 313) Paat 17 °C to E = (301 £ 191) Pa at 37 °C (mean values
with standard deviations), and thus by a factor of more than two. The
standard deviations (error bars in Fig. 1D-F) are comparatively high,
which is due to the biological variation. However, because of the
comparatively high number of cells measured [9,12], the 95 % confi-
dence interval (orange lines) already provides a fairly precise estimate.
Between the values of 17 °C and 37 °C there is a strongly significant
difference with a p-value (t-test) of p < 0.001. An overview of the
p-values and further statistics (ANOVA) can be found in the SI.

As already mentioned in the method section, the penetration depth
into the cell used for the fit is certainly open to debate, especially since Li
et al. found that the cell height is temperature-dependent and thus also
the potential relative penetration depth [9]. This could affect our results.
Therefore, in an additional evaluation, we use a penetration depth of
only 0.5 um as the maximum fit limit (figure S2). Such alternative
analysis results in lower absolute values (E = (376 + 296) Pa at 17 °C or
E = (176 £ 117) Pa at 37 °C), while the qualitative shape of the curve
remains very similar. Only the plateau at low temperatures appears to be
less pronounced. Due to the similarity to the previous evaluation
method, we will remain with the maximum fit limit of 1 um in the
subsequent course.

The pause deformation d,, shows qualitatively the same temperature
dependence (inverted parameter, Fig. 1E). The linear behavior is only
slightly shifted towards higher temperatures and the difference between
the absolute values is smaller. Thus, the pause deformation changes
from d, = (135 = 41) nm at 17 °C to d, = (183 £ 65) nm at 37 °C. Here
too, there are high standard deviations but relatively narrow confidence
intervals. The p-value for the comparison of 17 °C and 37 °Cisp < 0.001.

Alternatively, the viscoelastic properties can be approximated using
dedicated fit models. A corresponding analysis can be found in the SI. In
short, it can be seen that, depending on the evaluation method, different
conclusions can be drawn about the temperature-dependent viscous
behavior. The fit applied to the pause segment predicts in particular the
temperature dependence of the elastic component, but less so that of the
viscous part. Since this model also works with some assumptions and
simplifications, we decided to stay closer to the raw data.

Earlier Li et al. showed that the topography of different cell lines
changes with temperature and that the cells are smoother at 37 °C than
at room temperature [9]. This could increase the effective contact area
and result in changes in adhesion energy. Therefore, we also quantified
maximal adhesion force between the cells and the cantilever.

The maximum adhesion force shows an almost linearly decreasing
trend over the entire temperature range (Fig. 1F). The maximal adhesion
force is Fqgn = (649 £ 239) pN for T = 17 °C and Fggn, = (244 + 81) pN
for T = 37 °C. This results in a factor of 2.7. The band of the 95 %
confidence interval is even narrower than for elasticity or pause defor-
mation. The p-value for testing Fogn for T=17 °Cand T =37 °Cisp <
0.001.

To exclude artifacts, next, we rule out correlations with other mea-
surement parameters. First, we correlate the mechanical properties with
the cell size as this could also influence the results [30].

To do so, we divide the measured cells into four quartiles according
to size. For elasticity, viscosity and adhesion, all quartiles show
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Fig. 1. Panel A and B illustrate an exemplary AFM measurement curve with two different representations: Vertical tip position vs. time (A) and force vs. vertical tip
position (B). The first curve shows the time profile, the second one the standard force-indentation. The black part of the line represents the approach, the orange part
the pause segment and the blue one the retraction. d,, indicates the pause deformation, Faq, the maximum adhesion force and YM the curve segment where the
Young’s modulus fit (yellow) is done. The fit range is marked in grey. Panel C illustrates the measurement procedure (Created in BioRender. Neidinger, S. (2026)
https://BioRender.com/2cw8a90). About five cells were measured consecutively three times in one set (change cell after every force curve) before the temperature
was adjusted. In one partial measurement, four different temperatures were applied on the same cells. Panel D shows the Young’s modulus E, E the pause deformation
dp and F the maximal adhesion force F,qp. The points indicate the mean values, the error bars mark the standard deviation and the orange lines the 95 % confidence
interval. Each parameter shows a remarkable temperature dependency. Especially for the Young’s modulus and the pause deformation d; the curve differs
considerably from a linear trend. The corresponding histograms can be found in Figure S5 in the SI. A total of 122 cells were measured at four temperatures each.
lgetails on the measurement procedure and evaluation can be found in the methods section.

comparable slopes (see figure S3). Only the second quartile is slightly
flatter for elasticity and viscosity. We therefore exclude this parameter
as a noteworthy influencing factor for the overall temperature
dependence.

temperature adaptation is important.

As shown in Fig. 2B the Young’s modulus in the downscan has a
slightly lower temperature dependence. The pause deformation shows a
slight offset over large parts of the temperature scale (Fig. 2C). But, in

both cases the 95 % confidence intervals still overlap clearly and espe-
cially the shape of the up- and downscans is pretty similar. Quantifying
adhesion forces both measurement directions show almost identical
behavior (Fig. 2D).

Thus, as there no artefacts have been observed, we assume sufficient

3.2. Influence of time and measurement direction

In a further step, we check whether our measurement procedure as
shown in Fig. 2A influences the results, i.e., whether the direction of the
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Fig. 2. A illustrates the used temperature profiles: Downscan and upscan (Created in BioRender. Neidinger, S. (2026) https://BioRender.com/xg7p3sh). Each part of
a measurement at a distinct temperature and on around five different cells took about three minutes. The time for the adjustment of the temperature took five to ten
minutes, depending on multiple aspects. Temperature steps amounted to AT = 4 K, except at the smallest and highest temperature (AT = 2 K). The other panels
show the results for up- (orange) and downscans (blue) separately. Panel B shows the Young’s modulus E, C the pause deformation d, and D the maximal adhesion
force Fogn. The points indicate the mean values and the colored bands the 95 % confidence interval. For all three parameters the trend of up- and downscan is
comparable and the confidence intervals overlap strongly which indicates no considerable differences.
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equilibration time for the cells to adapt to the temperature change.
Summing up, the applied measurement procedure appears to be robust
to other factors underlining the significance of the extracted tempera-
ture dependence.

3.3. Applicability of viscoelastic properties obtained employing AFM to
filter measurements

Next, the question is addressed whether the results of the AFM
measurements can be transferred to filter applications. For this purpose,
we measured the average pore size at which the cells get stuck at the two
different temperatures (36 °C vs. 19 °C). These temperatures are the
limits of what is technically feasible in our design and, with respect to
viscoelastic properties, already result in mechanical behavior in the
respective plateaus. Since decreasing pore size requires increasingly
higher pressure to push the cells through the pores, it can be assumed
that the cells get stuck at a distinct size [31]. However, since the pressure
on the cells increases as the number of pores blocked by cells increases,
the average pore size is examined taking into account the total number
of blocked pores (Fig. 3B) [32,33]. To avoid artifacts caused by debris or
aggregates, the two edge pore sizes (4.2 pm and 21.1 pm) are excluded
from the evaluation.

The average values for the two temperatures show that at higher
temperatures the cells tend to penetrate towards smaller pores. Even
when considered individually, four of the five measurement days
(transparent curves) delivered the same tendency. In the remaining case,
a small cell subpopulation with different mechanical properties pre-
sumably caused a slight shift in the results.

To address the question of whether the observed effect is actually due
to cell mechanics and not size, the cell size of several cells at the channel
entrance was quantified. The results show no reduction in cell size for
cells at higher temperatures, either on average or in terms of median size
(figure S6).

In addition, especially on two of the measurement days, the effect
was evident that at 19 °C, one pore wall had to be relatively crowded
before the next one was occupied, whereas at 36 °C, the pore walls
tended to be occupied simultaneously (Fig. 4). This is shown by the slope
of the left flank of the curves (arrows), which represent specific evalu-
ation points in time. An overview of all measurement days can be found

_aanN
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Acta Biomaterialia 214 (2026) 382-391

in the SI (figure S4). The results from the filter experiments therefore
suggest that the findings from the AFM measurements on viscoelasticity
can also be transferred and used for the design of future filter
applications.

4. Discussion

Following the results of Marcotti et al., we measured a total of 122
cells for our AFM experiments in order to minimize variability in the
results and increase reliability [34]. Yang et al. observed significant
cellular changes in terms of traction stresses and focal adhesion area
when substrate stiffness was continuously altered [35]. Based on this
sensitivity to environmental conditions (and environmental hardness),
we concluded that as few measurements as possible should be taken per
cell in order to avoid any possible impairment due to force loading.
Therefore, only three curves were recorded per temperature and cell.
The use of the Hertz model with a flat tip and the assumption of a round
geometry certainly represents a significant simplification of the actual
setup and neglects the viscoelastic behavior of the cell [19]. Due to its
validated agreement to microfluidic methods of analyzing elasticity, this
simplification was chosen with a view toward the further goal of
filtration, allowing the same cells to be measured at multiple tempera-
tures [18]. A more detailed assessment of the evaluation method can be
found in the SI. With regard to elasticity and pause deformation, there is
a strong temperature dependence, which is particularly non-linear over
the whole range and shows plateau-like limit values at high and low
temperatures.

The Young's modulus shows a decrease by a factor of 2.2 with
increasing temperature from 17 °C to 37 °C. The difference is thus
considerably smaller than that observed by Rico et al., who found a
factor of 14 for THP-1 cells between 16 °C and 37 °C, albeit with a
different AFM setup [12]. Sunnerberg et al., on the other hand, obtained
a factor of 2.1 between 25 °C and 37 °C for cortical neurons in AFM
measurements with spherical contact geometry, which is very close to
our data [13]. Yang et al. used optofluidic microchips to study the
deformability of A375 MC2 cells at different temperatures [17]. Since
this study does not quantify YM, a direct comparability in terms of ab-
solute values is severely limited, although qualitative similarities can be
seen with regard to the temperature dependence of cell deformation
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Fig. 3. The filter board in Panel A consists of 12 consecutive pore walls, with decreasing pore width in the direction of flow. The numbers on the left indicate the
nominal pore size in um. The orange overlays show example images from an experiment. Panel B illustrates the average size of occupied pores versus the total number
of occupied pores. The light curves show the individual measurements, while the bold curves show the mean value. It is apparent that at higher temperatures, the
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sequence, at 36 °C it can be seen that the smaller pore sizes are more likely to be filled simultaneously. Graph shows results from one measurement day and includes a

total number of N = 637 and N = 700 cells for A and B respectively.

[17]. Li et al. were furthermore able to show that the change in elasticity
strongly depends on the cell line, for example Jurkat cells became softer
with increasing temperature, whereas HeLa cells became harder or
white blood cells showed hardly any change [9]. Therefore, the data we
measured seem plausible and especially with the combination of the
latter mentioned result suggest that the filtering efficiency to catch CTCs
in white blood cells should be optimizable by choosing the temperature
with the highest spread of the elasticity of both cell types.

The pause deformation in our AFM measurements shows an increase
by a factor of 1.4 between 17 °C and 37 °C and can therefore be un-
derstood as a decrease in viscosity. Overall, our evaluations for elastic
and viscous behavior seem to show a moderate correlation. This might
be also a consequence of applying coherent analysis methods. The cor-
relation is also indicated by a Pearson's r value of r = —0.494 (condi-
tioned on the temperature).

However, with a view to other publications that analyze the visco-
elastic properties our results need to be further classified. Interestingly,
Semenov et al. showed with fluorescence anisotropy decay curves, that
the microviscosity of the cell membrane of red blood cells decreases with
increasing temperature and generally appears to have a comparable
temperature behavior to our data for whole cells [36]. Evans and Yeung
used micropipette aspiration to examine the viscosity of granulocytes
and found a decrease by a factor of approximately 2 when the temper-
ature was elevated from 23 °C to 37 °C [37]. Simon et al. postulated on
the other hand by varying the AFM loading speed that the soma of
neurons does not show viscous behavior, but the pericellular brush does
to some extend [38]. This observation is a strong deviation from our
data, which indicate viscous behavior even at a comparatively high
penetration depth of around 1 pm. In their work, Sunyer et al. and
KieBling et al. found higher elasticity and lower viscosity with increasing
temperature [15,16]. However, it should not be forgotten that the
temperature-dependent cell mechanical properties are highly dependent
on the cell line [9]. KieBling et al. pointed out the possibility that a
drastic decrease in viscosity could superimpose an increase in elasticity
and that higher deformability could be understood as a lower elastic
modulus, although they attributed increased deformability itself more to
a lower viscosity [16]. This suggests that the common use of the Hertz
model for elasticity analysis, with its basic assumptions, may be
compromised by the viscous influence of the cell and therefore falls
short [19,20]. However, the decrease in viscosity with increasing tem-
perature found by Sunyer et al. and KieBling et al. is in line with our
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pause deformation results, as we observed a larger deformation with
increasing temperature and thus a more fluid behavior of the cells [15,
16]. On the other hand, the evaluation of viscous creep using a fit to the
pause segment of the AFM curve shows fundamentally viscoelastic
behavior but attributes the temperature dependence mainly to the
elastic component (see SI). However, it should be noted that the used fit
model also involved relevant assumptions and simplifications. In terms
of filter applications and the squeezing through pore walls, it seems
more appropriate to use the raw data and consider the full deformation.

Despite all the points of criticism, it should be noted that regardless
of the assignment to viscous or elastic behavior, our data shows a strong
and finely resolved temperature dependence of the mechanical proper-
ties. In combination with the report of Li et al. the option of exploiting a
comparatively temperature-stable mechanical behavior of white blood
cells compared to strong temperature dependence of the mechanical
behavior of our melanoma cell line seems promising [9].

The next mechanical parameter we quantified here, the adhesion of
flat silicon nitride cantilevers to melanoma cells, is important, for
example, in the context of endocytosis-like nanoparticle uptake [39].
Between 17 °C and 37 °C, our measurements show that the maximum
adhesion force decreases by a factor of 2.7 with a comparatively linear
trend. Only at high temperatures a slight flattening of the curve can be
seen. However, literature research gives a mixed picture. Sagvolden
et al. were able to show for human cervical carcinoma cells that at
higher temperatures greater forces are sometimes necessary to detach
adherent cells from protein coated substrates [40]. Ueda et al. showed
that as temperature increases, the number of attached cells increases
[41]. Baier et al. also found an increase in the necessary detachment
work of mammalian red blood cells with increasing temperature and
justified this with an increase in the contact area between the measuring
tip and sample [42,43]. The contact area, in turn, is closely related to the
elasticity of the cell [43]. Furthermore, Li et al. demonstrated that Hela
cells become smoother at higher temperatures which in turn would
mean more contact area and thus potentially more adhesion [9,43]. At
first glance, this contradicts our results because at low temperatures we
measure a high Young’s modulus and thus a low penetration depth with
a consequently smaller contact area but at the same time also the
maximum of adhesion force. But with our cantilever geometry, the
contact area is likely to correlate less strongly with the penetration depth
than when using sharp tips. Furthermore, we focus on the maximum
adhesion force and not the detachment work. Rico et al. showed as well,
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that the work of detachment increases with increasing temperature, but
the tether force and rupture force of the LFA-1/ICAM-1 complex is
significantly higher at low temperatures as well as the adhesion force per
perimeter (slightly insignificant) [12]. This seems more compatible with
our results and suggests potential differences in the consideration of
energies or forces. With regard to the explanation, they mention not only
a possible direct temperature effect but also the possibility that the result
could be caused by reduced stiffness and thus a reduced loading rate of
the retraction [12], which would also be conceivable in our case and
could be regarded as a measurement artifact or, with respect to the
filtration or absorption of particles, as an actual component to be
considered. However, due to different setups, the results are still difficult
to compare and the reason for the differences can only be speculated
upon. The extent to which, for example, non-specific bonds or certain
proteins are significant for our adhesion results cannot be reliably
determined based on the setup and also exceeds the scope of this
manuscript.

To explore the sensitivity of the reported results to the analysis of the
force curves, in a next step, we examined to what extent the mechanical
parameters change if the fit range is varied. Moreover, we check for a
possible correlation of the quantities with cell size and temporal effects.

First, we reduced the maximum penetration depth for the fit from 1
um to 0.5 um in order to avoid a possible substrate influence [20,23].
The aforementioned influence of the substrate becomes even more sig-
nificant in light of the fact that Li et al. were able to show with Hela cells
that cell height can be greater at higher temperatures [9]. To rule out the
possibility that the lower Young’s modulus at higher temperatures is due
to the substrate having less influence as a result of a potentially larger
cell height, the reduced fit range is considered. This only affects the
obtained Young’s modulus but not the measured adhesion force and
viscous relaxation. While the absolute values of the Young’s modulus in
that case are about half as high as for the first analysis, the general shape
of the curve is conserved (see figure S2). This is qualitatively consistent
with the work of Dokukin et al. dealing with a cell brush but also opens
up the question on the extent to which the elastic deformation of the cell
body is actually measured in each case [44]. It should be noted that the
absolute values are therefore dependent on the overall conditions and
can only be interpreted in context. For the reasons mentioned earlier, we
consider it unlikely that the temperature dependence is significantly
overlaid by the cell height. Nevertheless, it would be advisable to use a
standardized relative cell height for indentation, for example, with a
view to future measurements or better comparability with other publi-
cations. As for potential filter applications the elasticity for stronger
deformations seems more relevant and suitable, we chose a maximal
penetration depth of 1 um to report the Youngs modulus E(T).

In a next step, we investigated whether there is a correlation between
cell size and mechanical properties that overlaps the temperature effect.
No noteworthy connection could be detected here (figure S3), which is
consistent with the results of Flaschner et al., who also found no cor-
relation between viscoelastic properties and cell size in rounded HeLa
cells [45]. Moreover, we checked whether the measurement direction
plays a role for the obtained quantities. The adhesion forces do not differ
notably between upscans and downscans (see Fig. 2). There were also
only small deviations between the two measurement directions for
Young's modulus and the pause deformation, where the 95 % confidence
intervals always clearly overlap, and especially the qualitative curve
remains mostly the same. Considering the comparatively short accli-
matization phases between the individual temperature points and the
consistent absolute values, the cells appear to react quickly to their
ambient temperature. Since several measurements with different ramp
directions were often carried out on a single cover slip for a different set
of cells, we also conclude that the adaptation of the mechanical cell
properties to a new temperature is a comparatively reversible process as
no major differences were detectable over time (data not shown). These
findings are consistent with results from the literature. KieBling et al.
showed that temperature instantaneously changes the deformability of
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cells in suspension [16]. However, they also found that on short time
scales (seconds) only the viscous component is influenced, whereas after
longer adjustments (minutes) the elastic component also reacts [16].
Using measurements on individual neurons, Spedden et al. were able to
show that there is a high degree of reversibility in elasticity [14].

Summing up these checks for potential artifacts we found no
superimposed correlations or dependencies in our measurements and
thus the method seems therefore well suited to investigate the temper-
ature dependence of the mechanical cell properties, especially of the
here studied A375 cells but potentially also other cell types.

With regard to filter applications, to the best of our knowledge, we
have not yet found any comparable work that takes temperature into
account as a parameter in filtering in this way. Only Sarioglu et al., for
example, tested a temperature change for the release of cells from the
channel [46]. Due to the highly customized setup, we are reluctant to
give exact numerical values, but it appears rather clear from a qualita-
tive point of view that at lower temperatures, the A375 cells get stuck in
larger pores (Fig. 3B) and that this effect is most likely due to the
viscoelastic behavior of the cells. This is suggested by the evidence from
the size measurements and the dynamics of pore occupation. With re-
gard to the literature, Yang et al. also did not observe any significant
temperature-dependent change in size in A375 MC2 cells, but noted that
at higher temperatures, in addition to greater deformability of the cells,
a higher pressure was required to push cells through a single constriction
[17]. At first glance, this contradicts our results. Yang et al. and Martinez
Vazquez et al. refer to the increased contact area between the channel
walls and the cell, which results from the increased deformability and
leads to more friction [17,47]. However, we assume that the pore ge-
ometry we chose is considerably less susceptible to this effect, as the
pores are designed more like funnels and less like wall recesses [17,47].
With regard to the desired application of CTC filtering, our results
represent a certain simplification, as only tumor cells in PBS without
other blood components and only two temperature points were
analyzed. For a more precise temperature dependence of the filter
characteristics, further measurements with finer temperature gradation
would be of interest. Nevertheless, a general temperature pattern was
clearly discernible. However, in view of our measurements, future ex-
periments, and the results of other groups, which suggest, for example,
comparatively temperature-stable mechanical properties of WBCs, the
promising question arises as to whether, by choosing the appropriate
temperature, a kind of sweet spot could be found where the differenti-
ation of cells based on their mechanical properties and thus the filtering
works better than, for example, at room temperature [9,11]. To this end,
it would be useful to expand existing filter experiments with whole
blood to include temperature as an additional parameter [2].

5. Conclusion

With the study presented here we were able to set new standards
with fine resolution and, for AFM studies, a large number of cells on a
broad temperature range. The temperature dependence reveals an
approximately linear trend for the mechanical properties, com-
plemented by a plateau-like behavior at the edges in the range of 17 °C
and 37 °C. In combination with filter experiments, it seems promising, e.
g., to optimize the filtering of circulating tumor cells from blood samples
based on the different temperature behavior of different cells [9].
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