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Introduction

Platelet stiffness correlates inversely with platelet
volume during expansion and compression

Konstantin Krutzke, (22 Jan Seifert, (22 Meinrad Gawaz, (2 ° Tilman E. Schaffer (2 *@

and Johannes Rheinlaender (2 *@

The stiffness and the volume of human platelets change under various conditions, affecting their
function and viability. Although the influence of platelet volume on platelet function in health and
disease has been extensively studied, the relationship between volume and stiffness — in contrast to
many other cell types — remains unexplored for platelets, probably due to the difficulty in measuring pla-
telet mechanics as platelets tend to activate under stress. Here, we investigate the relationship between
platelet volume and stiffness using scanning ion conductance microscopy (SICM). SICM can image the
topography and therefore quantify the volume as well as measure the mechanical properties of living
cells under physiological conditions with submicrometer resolution. We found a link between platelet
stiffness and volume changes caused by water efflux/influx due to osmotic compression/expansion at
the single cell level. With increasing platelet volume, the stiffness decreased and vice versa. We then
confirmed this inverse relationship by measurements of platelets during two additional, physiologically
highly relevant situations: The dynamic spreading of platelets on a surface and platelets subjected to a
spatial confinement, where a decrease in volume was also accompanied by an increase in stiffness and
platelets subjected to spatial confinement showed a significantly larger volume compared to unconfined
platelets, with a correspondingly lower stiffness, respectively. In conclusion, our SICM analysis revealed a
universal, inverse correlation between platelet stiffness and volume change, opening up new perspec-
tives in platelet research.

fundamental aspects of cellular physiology and biomechanics,
influencing cellular functions such as division, intracellular

Platelets are one of the three types of mammalian blood cells
and are involved in hemostasis and thrombosis.'™ Upon vessel
injury, platelets get activated and adhere to the extracellular
matrix, such as collagen or fibrinogen.>® This induces a signal-
ing cascade that releases biochemical compounds to bind
more platelets to the site of the injury.”® A key aspect of this
process is platelet stiffness, which is determined by their cyto-
skeleton'®™"? and is essential for their function and viability.®"?

For many eukaryotic cells it has been reported that stiffness
is directly related to volume. This relationship remains consis-
tent regardless of different mechanical state, biochemical treat-
ment, or cellular confinement.'*'®> Understanding changes in
cell volume and the resulting alterations in cell stiffness are
essential in biomedical research, as these parameters reflect
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transport,'® differentiation,’” signaling,'® and response to
environmental stimuli.’®>***® Moreover, cell volume and stiff-
ness play critical roles in pathophysiological conditions, offer-
ing insights into disease mechanisms and potential therapeutic
targets.”’* In the context of platelets, exploring their volume
and stiffness provides valuable insights into their unique
physiology. For example, platelets undergo dynamic changes
in shape and volume during activation, which are essential for
their hemostatic function.>***> The mechanical adaptation of
platelets plays an important role during adhesion, activation,
aggregation, and migration.”®>® Studying this adaptation beha-
vior may therefore reveal new aspects of platelet functionality
and contribute to understanding disorders related to throm-
bosis.*?° However, so far, no relationship between stiffness and
volume has been reported for platelets.

In this study, we use scanning ion conductance micro-
scopy’>*! (SICM) to measure platelet volume®* as well as platelet
stiffness without any physical contact of the probe with the
sample.”*”” SICM has been increasingly applied in the investiga-
tion of various aspects of platelet biology, including their
adhesion,** morphology,** mechanical properties,*® migration
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behavior,”” roles in thrombosis,>* and volume dynamics,*?
providing new insights into platelet function and pathology,
especially single-platelet biomechanics®® and the platelet
cytoskeleton.'? Using time-resolved SICM imaging, we show
that platelets soften upon osmotic swelling and stiffen upon
osmotic shrinkage, following a general inverse correlation
between relative volume and stiffness observed previously for
many other cell types.'*'>*” We then investigated two further
physiologically relevant situations, platelets dynamically
spreading on a surface and platelets subjected to spatial con-
finement. In both situations, the same inverse correlation was
observed. Thus, we demonstrate that this inverse correlation
between volume and stiffness appears to be a fundamental
property of living platelets.

Methods

Human platelet isolation and preparation

Platelets were isolated as described previously.*® Briefly, venous
blood was drawn from healthy volunteers with informed con-
sent. All procedures were performed in compliance with relevant
laws, followed institutional guidelines, were approved by the
institutional ethics committee (273/2018B0O2), and are consistent
with the Declaration of Helsinki. To prevent coagulation, acid
citrate dextrose (in a 1:4 ratio) was filled into monovettes
(04.1926.001, Sarstedt, Numbrecht, Germany) before blood was
drawn. First the monovettes were centrifuged at 200 x g for
20 min and plateletrich plasma (PRP) was collected. The
PRP was transferred to Tyrode-HEPES buffer (in a 1:3 ratio)
(136.89 mM NaCl, 2.81 mM KCl, 11.9 mM NaHCOj;, 1.05 mM
MgCl,, 0.42 mM NaH,PO,, 5.56 mM p-glucose, 1 ¢ L' BSA, 4 mM
HEPES) pH 6.5. After another centrifugation at 880 x g for 10 min,
platelets were then carefully resuspended in 1 mL of isotonic
Tyrode-HEPES buffer (isotonic osmolarity: 295 mOsmol L)
pH 7.4.

The topography as well as the stiffness of isolated platelets
were measured with SICM (see below). For that, unless other-
wise noted, platelets (100 pL of suspension) were added to a cell
culture dish (627160, Greiner Bio-One GmbH, Kremsmiinster,
Austria) for 10 s followed by three washing steps using isotonic
Tyrode-HEPES buffer, pH 7.4, to remove all non-adhered plate-
lets. The remaining adhered platelets were allowed to spread
for 10 min. Then, the SICM measurements were carried out.
To investigate the possible influence of surface coating or
platelet spreading area, platelets were also prepared on
fibrinogen-coated (fibrinogen from human plasma, F1056,
Sigma Aldrich, Missouri, USA, 20 pug mL™ ' in H,O, 15 min
at 37 °C) or non-coated cell culture dishes (627161, Greiner
Bio-One).

To investigate spreading platelets, 10 uL of platelet suspension
was diluted in isotonic Tyrode-HEPES buffer with 0.1 U mL™*
thrombin (T6884-250UN, Sigma Aldrich), then adding the
thrombin-treated platelets to a cell culture dish (627160,
Greiner Bio-One), which was then mounted into the SICM
setup. Subsequently, spreading platelets were optically selected
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by phase contrast microscopy and then imaged with SICM for
at least 20 min.

To measure spatially confined platelets, platelets were acti-
vated with 0.1 U mL " thrombin for 30 s and then added to the
microcontact-printed cell culture dishes (see below) for an
additional 10 min incubation at 37 °C. The cell culture dish
was then washed three times with fresh isotonic Tyrode-HEPES
buffer and platelets could spread for another 15 min at 37 °C.
The following SICM measurements were achieved by mounting
the cell culture dishes into the SICM setup and fibrinogen lines
were identified using the TRITC HC filter set (F36-503, AHF
Analysentechnik AG, Tiibingen, Germany).

To investigate the influence of the actin cytoskeleton, adher-
end platelets were treated with cytochalasin D (cytoD) during
SICM imaging. For that, cytoD (Cay11330-5, Cayman Chemical
Company, Michigan, USA, solved at 10 mM in DMSO) was
added at a final concentration of 10 uM to the Tyrode-HEPES
buffer 10 min before (¢ = —10 min) the induction of a hypo-
tonic/hypertonic shock (at ¢ = 0 min, 412 or 177 mOsmol L™ 1).

Cell culture

The preparation of MEF cells for SICM measurements was
carried out as follows. The existing medium in the cell culture
flask was completely removed, and the entire flask was washed
three times with phosphate-buffered saline (PBS, D8537, Sigma
Aldrich) at 37 °C. Then, trypsin/EDTA (T3924, Sigma Aldrich)
was added to the cell culture flask and placed in the incubator
at 37 °C for ca. 2 min. After gently tapping the flask bottom, all
adherent cells were detached. Subsequently, Dulbecco’s mod-
ified Eagle’s medium (DMEM, D5030, Sigma Aldrich), supple-
mented with 10% (v/v) fetal calf serum, 1% (v/v) penicillin-
streptomycin, and 1% (v/v) L-glutamine (200 mM), was added to
the cell culture flask, the entire contents were transferred to a
centrifuge tube, and centrifuged at ca. 270 g for 5 min. The
remaining medium was removed and discarded, and the pellet
was resuspended in medium. The cell suspension was diluted
1:10 and added to a cell culture flask (627160, Greiner Bio-One)
with medium and placed in the incubator at 37 °C for at least
12 hours before using the cells for SICM measurement.
To prepare cells for measurement, they were first washed three
times with PBS (37 °C), followed by the addition of CO,-
independent medium (Leibovitz L15 Medium, 21083027,
Thermo Fisher Scientific Inc., Massachusetts, USA) to the cell
culture dish, and then placed in the SICM setup.

Scanning ion conductance microscopy (SICM)

To investigate platelet volume and stiffness, self-built SICM
setups were used.’>®** Electrolyte-filled nanopipettes with inner
opening radii of typically 80-100 nm for platelets (validated by
scanning electron microscopy, Fig. 1A, inset) and typically
200 nm for MEF cells were manufactured from glass capillaries
(1B100F-4, World Precision Instruments Inc., Sarasota, FL,
USA) using a CO,-laser based pipette puller (P2000, Sutter
Instruments, California, USA). A voltage of 250 mV was applied
between two electrodes, one inside the pipette and one outside
the pipette in the electrolyte-filled cell culture dish, to induce a

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Measuring platelet topography and stiffness with SICM. (A) Schematic of a SICM setup. A bias voltage Uy is applied between two electrodes, which
induces an ion current /o through an electrolyte-filled nanopipette. A pressure pg is applied to the nanopipette to measure the mechanical stiffness of the
sample. (B) and (C) Topography and stiffness images of platelets before (left) and after (right) osmotic expansion ((B), t = 1 min after hypotonic shock,

osmolarity: 147 mOsmol L% or compression ((C),

distance-sensitive ion current through the tip of the pipette,
which typically results in an ion current in the range of 6-8 nA.
To measure stiffness, a constant pressure p, of 10 kPa for
platelets or 5 kPa for MEF cells was applied to the upper end
of the nanopipette and the ion current as a function of the
vertical position (IZ-curves) with a trigger setpoint of 98% of the
saturation current I, were recorded on a raster-pattern with
typically 40 x 40 pixels. The pixel resolution was chosen to
roughly match the physical resolution of the topography
imaging®® and stiffness mapping®® and gives a precision of
the platelet volume measurement of typically 1%.*°> An
approach speed of 80 pm s~ ', a retract speed of 400 um s,
and reduced pixel number on the substrate were used, which
resulted in typically 30 s per frame. The stiffness was then
calculated from the slope of the IZ curves between 99% and
98% of I,.*°

Application of osmotic compression and expansion

To induce hypotonic/hypertonic shock (¢t = 0 min) followed by
osmotic expansion/compression, the osmolarity of the surround-
ing solution was altered by rapidly exchanging the imaging
buffer.*> For osmotic expansion, the isotonic Tyrode-HEPES
buffer solution (isotonic osmolarity of 295 mOsmol L") pH 7.4,
was rapidly exchanged with hypotonic buffer solution by dilut-
ing isotonic Tyrode-HEPES buffer with pure H,O (HPLC quality,
Fischer Chemical GmbH, Schwerte, Germany) at different
volume percentages (20, 30, 40, 50, 60, or 80% pure H,O of
the final solution), resulting in decreased osmolarities (236,
206, 177, 147, 118, and 59 mOsmol L™"). For platelet compres-
sion, the isotonic Tyrode-HEPES buffer solution was rapidly
exchanged with hypertonic buffer solution by mixing Tyrode-
HEPES buffer with p-sorbitol (S1876-100G, Sigma Aldrich) at
different concentrations (59, 118, 154, 200, 236, 267, 300, and
350 mM) resulting in increased osmolarities (354, 412, 449, 495,
531, 567, 595, and 645 mOsmol L") without affecting the
viability of the platelet.*' To achieve osmotic expansion in

This journal is © The Royal Society of Chemistry 2025

= 1 min after hypertonic shock, osmolarity: 495 mOsmol LY.

MEF cells, isotonic L-15 medium (320 mOsmol L™ ") was rapidly
replaced with a hypotonic medium [L-15 medium diluted with
pure H,O (HPLC quality, Fischer Chemical GmbH, Schwerte,
Germany) at different volume percentages (20, 40 or 60% pure
H,O0 of the final solution)] which resulted in decreased osmo-
larity (256, 192 or 128 mOsmol L™'). To achieve osmotic
expansion, the isotonic L-15 medium was also quickly replaced
with hypertonic medium L-15 medium mixed with sucrose®”
(S0389, Sigma Aldrich, at concentrations 250, 300, and 450 mM),
resulting in an overall increase in osmolarity (570, 320, and
770 mOsmol L™1).

Spatial confinement

Spatial confinement of platelets was achieved by microcontact
printing as described previously.*® Briefly, a PDMS stamp
(Sylgard 184, The Dow Chemical Company, Midland, Michigan,
USA) was fabricated by mixing the polymer with crosslinker
(1:10 ratio), centrifuging at 230 x g for 5 min and spreading
over a custom-made line-structured silicon wafer (nominal
10-pm-wide stripes with 5 pm spacing resulting in 5 um stripes
with 10 um spacing for the stamp?®). Before baking, the wafer
with PDMS was placed for 30 min under vacuum in a desiccator
to further remove incorporated air bubbles. After baking at
80 °C for 2 h, the PDMS stamp was slowly removed and placed
for storage in a container with the structured side facing up. For
the following microcontact printing, small squares were cut
with a scalpel, washed with ethanol, dried with N, gas, and
then treated with oxygen plasma (Zepto-QRS 200, Diener elec-
tronics GmbH, Ebhausen, Germany) at 100% power for 30 s
at O, flow of 0.2 mL min ', The oxygen-plasma-activated
PDMS stamps were then incubated for 30 min at 37 °C with
1.5 mg mL " fluorescein-labeled fibrinogen (Alexa Fluor 594
Conjugate, Thermo Fisher Scientific) in PBS solution. To reduce
evaporation, the PDMS stamps were covered with pieces of
Parafilm (Bemis Company Inc., Neenah, USA). The incubated
stamps were washed with H,O (HPLC quality, Fischer Chemical
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GmbH, Schwerte, Germany) and carefully dried with N, gas.
The printing procedure was carried out using oxygen-plasma-
activated (100% power, 30 s, O, flow 0.2 mL min ) glass-bottom
cell culture dish (81158, p-dish glass bottom, ibidi GmbH, Gréfelf-
ing, Germany). The fibrinogen-coated PDMS stamps were care-
fully placed on the glass with the fibrinogen/structured side facing
the glass and incubated for another 15 min at 37 °C. After
removing the PDMS stamps and washing with H,O the fibrinogen
structures remained on the glass of the cell culture dish. The
width of the printed lines was about 3 pum, slightly smaller as
expected from the dimensions of the silicon wafer due to in-
accuracies in the fabrication process.”® The dish could be stored
for at least one week with 1 mL H,O in an incubator at 37 °C.
To passivate the areas without fibrinogen coating, the cell culture
dishes were incubated for 1 h at 37 °C with a mixture of 10 mM
HEPES in PBS and 5.7 pg mL ™' PLL-PEG (PLL (20 kDa) grafted
with PEG (2 kDa), SuSoS AG, Diibendorf, Switzerland) and washed
three times with H,O.

SICM data analysis

Topography and stiffness data were analyzed and processed
using Igor Pro 9 (WaveMetrics, Inc., Portland, Oregon, USA).
To calculate platelet area A and volume V, all height images
were corrected for z-offset and tilt using a first-order line
flattening. Platelets were identified by applying a pixel height
threshold of # = 50 nm, where all pixels below were considered
as substrate. Area A of each platelet was calculated using the
formula 4 =Y a;, where a; represents the area of each pixel

1
corresponding to the platelet. Volume V was calculated using
the formula V = Ax %, where area A is multiplied with the mean
height %. This is mathematically equivalent to summing the
volumes of all pixels corresponding to the platelet.’*

As the finite thickness of the platelets affects the stiffness
measured by SICM, the Young’s modulus data (except for
Fig. S1A and B, indicated by uncorrected) was corrected for
the finite thickness of the platelets using a correction model
published earlier.*® The platelet stiffness was quantified as the
median of the corrected Young’s modulus E for each platelet.
Although the absolute stiffness values are slightly higher overall
without applying this correction, the relative stiffness changes
remain similar (Fig. S1), proving that SICM robustly measures
volume-induced stiffness changes.

For all time-resolved measurements, platelets were imaged
during induced hypotonic/hypertonic shock to achieve osmotic
expansion/compression (see above), which was the time point
defined as ¢ = 0 min. To increase measurement throughput,
some platelets were imaged with SICM only once before (¢t =~
—1 min) and directly after (¢ & 1-2 min) hypotonic/hypertonic
shock. The initial volume V, represents the platelet volume
right before hypotonic/hypertonic shock. The relative volume v
was then calculated as v = V/V,, with the initial volume Vj,.

For spreading platelets, relative area a and relative volume v
of the spread platelets were calculated as follows: a = A/Aginal
and v = V/Vfina With Afina; and Viina as the final spread area and
the final volume after ¢ = 20 min, respectively.
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The bar plots in Fig. 5 and Fig. S6B are represent as median
values with error bars denoting the standard error of the
median calculated as 1.48 MAD/+/N with median absolute
deviation (MAD).**

As the platelet stiffness values typically follows a log-normal
distribution,>® fitting was performed on logarithmic E values.

Statistical analysis

Igor Pro 9 (WaveMetrics, Inc., Portland, Oregon, USA) was used
for all statistical tests. For comparison between two groups, an
unpaired two-tailed ¢-test was used. For more than two groups,
a Tukey’s range test was used. The results were considered to
be significantly different for P < 0.05 (*), P < 0.01 (**),and P <
0.001 (***) or not significant (ns) for P > 0.05. For each
treatment, platelets from 3 to 6 different donors were used in
independent experiments.

Results and discussion

Platelet stiffness changes during osmotic expansion and
compression

Topography and mechanical stiffness of human platelets were
investigated with SICM (Fig. 1A). Initially, single platelets were
imaged in an isotonic Tyrode-HEPES buffer. To induce an
osmotic shock, the isotonic buffer was subsequently replaced
with either a hypotonic or a hypertonic buffer, thereby increas-
ing or decreasing osmolarity, triggering osmotic expansion or
compression, respectively.”>™*° For an increasing osmolarity,
the platelet height increased due to osmotic expansion result-
ing from a water influx into the platelet due to osmotic pressure
(Fig. 1B, topography images). Importantly, this osmotic expan-
sion was accompanied by a decrease in platelet stiffness
(Fig. 1B, stiffness image). In contrast, an overall decrease in
platelet height and stiffening of the platelet was observed for
osmotic compression due to osmolarity increase (Fig. 1C).

As platelets can exhibit volume regulation after osmotic
change,*"**® we speculated that this is accompanied by a
time-dependent change in platelet stiffness. Therefore, we
investigated the time-dependent relationship between volume
and stiffness of individual living platelets using SICM>®*° by
continuously imaging platelets over time during osmotic
expanding and compression (Fig. 2). For platelets during
osmotic expansion (Fig. 2A), the platelet volume V rapidly
increased within 1 min after hypotonic shock and then slowly
decreased (Fig. 24, right, black trace). This volume decrease
after hypotonic shock is commonly known as regulatory volume
decrease (RVD), which can occur in different cell types.*"*%7>?
On the contrary, the platelet stiffness E rapidly decreased and
then slowly increased (Fig. 24, right, yellow trace) during the
volume change. For platelets during osmotic compression
(Fig. 2B), the platelet volume rapidly decreased (Fig. 2B, right,
black trace) while the stiffness increased (Fig. 2B, right, yellow
trace). This behavior could be observed throughout all mea-
sured platelets over time and implies that water efflux or influx
leads to a decrease or increase in intracellular molecular

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Topography and stiffness images (left) and time-resolved volume and stiffness measurements (right) of platelets under (A) osmotic expansion and
(B) osmotic compression induced by hypotonic and hypertonic shock, respectively. Left panels show topography and stiffness images before (t = —5 min), during
(t = 1 min), and after (t = 5 min) the hypotonic shock ((A), osmolarity: 177 mOsmol L™%) and the hypertonic shock ((B), osmolarity: 354 mOsmol L™Y), respectively.
Right panels show measured volume V and corresponding stiffness E over time with the hypotonic (A) and the hypertonic shock (B) at t = O min.

crowding,">'® which could also directly impact the mechanical

properties of platelets, potentially also through modulation of
cytoskeleton tension®® or volumetric constraints.>*

Platelet stiffness correlates inversely with platelet volume
change

While absolute initial platelet volume V,, and platelet stiffness E
in isotonic buffer were generally not correlated but randomly
distributed, here between 1 to 10 kPa and between 4 to 34 fL,
respectively (Fig. S2A), the relationship between platelet volume
V and stiffness E depicted in the time-resolved data (Fig. 2)
indicates that for individual platelets there might be an inverse
correlation between these two parameters during osmotic
expansion and compression. This led us to the hypothesis that
platelet stiffness is directly correlated with platelet volume,
as reported earlier for several other types of mammalian
Ce11.14,15,37

When considering the platelet during osmotic compression
(Fig. 2B), stiffness and absolute volume V were indeed strongly
correlated (Fig. 3A, platelet 1) and followed the correlation
(Fig. 3A, left red curve) described earlier for other cell
types'*"® quantified as

Vv

E(V)= Xi(V — me)z'

1)

Vimin i the absolute minimum cell volume following maximum
compression and X is a constant related to the cell stiffness and
governed by the osmotic pressure inside the cell."*' For

This journal is © The Royal Society of Chemistry 2025

individual platelets, we here found values for V,,;, of a few fL’s
and values for X on the order of 10 kPa fL.

When considering the platelet during osmotic expansion
(Fig. 2A), volume and stiffness also followed a similar correla-
tion (Fig. 3A, platelet 2, right red curve), however, shifted
laterally due to the difference in absolute volume as platelets
have, by nature, a large spread in volume®**® (Fig. S2A).

We therefore calculated the relative volume v = V/V, and
when plotting the stiffness E vs. the relative volume v the two
platelets during osmotic compression/expansion indeed
roughly followed the same correlation (Fig. 3A, inset). Normal-
izing eqn (1) to the relative volume gives

E(v) = xi(v - zmin)z

(2)

with the relative minimum volume vy = Vimin/Vo and stiffness
scaling factor x =~ X/V,,, which now well described both platelets
(Fig. 3A, inset, blue curve) giving vmin ~ 0.4 and x ~ 2 kPa for
these two platelets. For higher accuracy, we then considered
many different platelets at different osmotic conditions
(Fig. 3B). Fitting eqn (2) to the stiffness vs. relative volume data
of many platelets (Fig. 3B, blue curve) gives a relative minimum
volume of v, = 0.57 + 0.01 and x = 1.3 + 0.2 kPa.

The minimum volumes, Vi, and vy, are directly related to
the non-soluble, non-osmotic volume and volume fraction of
cells, respectively, representing the incompressible portion of
cellular volume that remains constant under osmotic stress."*
A non-osmotic fraction of 0.3-0.5 is typically reported for
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35,41,48-50,52,56 57-59

platelets, and other cells, which is within the
range of the values of relative minimum volume of 0.2 to 0.5
found here.

As platelet adhesion to the cellular or extracellular matrix
components is a central aspect of their function,’® we also
investigated the behavior of platelets adhered to matrix pro-
teins (Fig. S3). Platelets adhered to fibrinogen-coated surfaces
(Fig. S3A and B) showed the same softening and stiffening
behavior upon osmotic expansion and compression, respec-
tively, as previously shown (see Fig. 2). Moreover, during this
expansion and compression, platelets adhered to fibrinogen-
coated surfaces exhibited the same inverse correlation between
stiffness and volume (Fig. S3C) as platelets on cell culture
dishes (Fig. S3C, blue curve, from Fig. 3B).

Additionally, platelets are also known to interact with adja-
cent cells, for example, by formation of gap junctions via
connexins.®* We hence also examined if the contact of adjacent
platelets affects the observed inverse correlation between
volume and stiffness (Fig. S4). Two platelets in contact with
each other showed the expected softening and stiffening beha-
vior upon osmotic expansion and compression, respectively
(Fig. S4A and B). Moreover, the platelets in contact also exhib-
ited the same inverse correlation between stiffness and volume
(Fig. S4C) as single platelets (Fig. S4C, blue curve, from Fig. 3B).

We found a similar inverse correlation between volume and
stiffness of osmotically compressed fibroblast cells (Fig. S5) as
reported in earlier studies,"*"> which demonstrates the relia-
bility of SICM in probing both cell volume and stiffness at the
single cell level. Interestingly, fibroblast cells softening upon
osmotic expansion also followed the same stiffness vs. volume
correlation as for compression (Fig. S5, blue curve), indicating
the importance of this behavior.

The inverse stiffness vs. volume correlation is also present with
an inhibited actin cytoskeleton

Next, we investigated the influence of the actin cytoskeleton on
the inverse volume-stiffness correlation. Adherent platelets
have a polymerized actin cytoskeleton, which influences platelets
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morphology and function.'>®* We performed time-resolved SICM

imaging of adherent platelets with an inhibited actin cytoskele-
ton using cytochalasin D (cytoD) under osmotic compression and
expansion (Fig. S6A, left). Ten minutes before the hypotonic/
hypertonic shock, we added cytoD and viewed its depolymeriza-
tion effect on the cytoskeleton with a decrease in stiffness £ but
no change in volume (Fig. S6A, right). At ¢ = 0 min, we induced a
hypotonic or hypertonic shock (Fig. S6A, right) to achieve
osmotic expansion or compression (to 177 mOsmol L™ and
412 mOsmol L™, respectively). As for untreated platelets, the
volume and stiffness of cytoD-treated platelets either increased
and decreased (osmotic expansion) or decreased and increased
(osmotic compression), respectively (Fig. S6A and S7).

On average, we found no significant volume change after
adding cytoD (Fig. S6B, left, P = 0.64), but a significant decrease
in stiffness E after treatment with cytoD (Fig. S6B, right, P =
0.0043), consistent with the literature.?® For osmotic compres-
sion or expansion of cytoD-treated platelets, the previously
observed behavior of an increase/decrease in relative volume
v (Fig. S6B, left, P=9.6 x 10 ®and P=5.3 x 10~ °) accompanied
by a decrease or increase, respectively, in the average stiffness
(Fig. S6B, right, P = 9.5 x 10" '* and P = 0.011) was still
prominent even though actin cytoskeleton polymerization was
inhibited by cytoD. Plotting stiffness vs. relative volume for the
cytoD-treated and then osmotically expanded/compressed pla-
telets (Fig. S6C, filled markers) shows a similar relationship to
that observed for normal (untreated) platelets (Fig. S6C, open
markers). While the exact values differ, the general pattern of
the inverse correlation between stiffness and volume remains
consistent in both groups. Fitting eqn (2) to the cytoD-treated
platelet data yields v, = 0.49 £+ 0.02 and x = 1.0 £ 0.1 kPa
(Fig. S6C, dashed blue curve). Hence, the inverse correlation
curve is similar but shifted downwards towards lower stiffness,
as shown by the lower x value compared to the normal
(untreated) platelets (x = 1.3 £+ 0.1 kPa, from Fig. 3B).

This demonstrates that cytoD has a softening effect and
conversely that the actin cytoskeleton contributes to platelet
stiffness,>*®® in addition to the effect of the osmotic

This journal is © The Royal Society of Chemistry 2025
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compression or expansion, as the inverse correlation is still
14,15

present even without an intact actin cytoskeleton.
Spreading platelets follow the inverse stiffness vs. volume
correlation

We then investigated whether the inverse correlation between
stiffness £ and platelet volume V observed in our initial
measurements is also generally present in further physiologi-
cally important processes and investigated platelets dynami-
cally spreading on a flat surface (Fig. 4). Platelets undergo a
shape change from the resting state in solution (discoid or
spherical shape) to an adherent state (spread-out, flattened
shape).®*® A previous SICM study showed that the stiffness of
spreading platelets increased over time.>® Hence, we observed the
area A, the volume V, and the stiffness E of spreading platelets with
SICM in order to determine if the relation between volume and
stiffness is also present for spreading platelets.

Benefitting from the high time resolution in our SICM
experiments, we imaged platelets during spreading on a sub-
strate (Fig. 4A, top), where they showed the hypothesized
behavior that the increase in spreading area is accompanied
by a decrease in volume (Fig. 4B) and an increase in stiffness
over time (Fig. 4A, bottom, and Fig. S8). Plotting stiffness vs.
volume shows that spreading platelets indeed follow an inverse
correlation (Fig. 4C), the same inverse correlation as for osmo-
tic compression/expansion (Fig. 4C, blue curve, from Fig. 3B).

To investigate whether platelets also show the inverse corre-
lation between stiffness and volume during the spreading
process, we prepared platelets on non-coated cell culture dishes
to prevent the platelets from spreading (Fig. S9). Non-spread
platelets also showed the expected softening and stiffening

topography >
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behavior upon osmotic expansion and compression, respec-
tively (Fig. S9A and B). Moreover, non-spread platelets also
exhibited an inverse correlation between stiffness and volume
(Fig. S9C), but with stiffness slightly shifted towards lower
values compared to spread platelets, which is consistent with
the observation that platelets are generally softer when not fully
spread (see Fig. 4).

The increase in stiffness during spreading was also found
for other cell types'® and can probably be attributed to cytos-
keleton reorganization in the platelets, particularly actin poly-
merization and microtubule dynamics, which generate contrac-
tile forces and stabilize the spread-out morphology.®**® This
cytoskeleton adjustment is essential for platelets to effectively
perform their hemostatic functions.®” These results of dynami-
cally spreading platelets supported our hypothesis that the
observed inverse correlation between volume and stiffness
appears to be a general characteristic of living platelets.

Spatially confined platelets follow the inverse stiffness vs.
volume correlation

As a further physiologically relevant situation, we investigated
whether spatial confinement affects platelet volume V and
stiffness E, and whether the relationship between these para-
meters aligns with the general correlation observed in uncon-
fined platelets. We used microcontact printing to confine
platelets to 3 um wide fibrinogen lines (Fig. 5A and Fig. S10).
The quality of the fibrinogen lines was determined by epifluor-
escence using fluorescein-labeled fibrinogen (Fig. S10, left panels).
Absolute volume V and stiffness E of unconfined and spatially
confined platelets were determined with SICM showing signifi-
cantly (P = 0.023) higher volumes V (Fig. 5B, left) and significantly
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Fig. 4 Area, volume, and stiffness measurements of dynamically spreading platelets. (A, top) Topography with corresponding stiffness images of a
spreading platelet at different time points. (A, bottom) Corresponding area, volume, and stiffness vs. time curves of the platelet shown above. Averaged
time graphs of all measured spreading platelets can be found in Supplement Information (Fig. S7). (B) Platelet relative area a and (C) stiffness E vs. relative
volume v (median values + MAD of platelets binned in intervals of 0.25 relative volume), with the inverse correlation from Fig. 3B (blue curve). Number of

platelets: n = 20 from 3 different donors in 3 independent experiments.
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Fig. 5 SICM measurements of spatially confined platelets. (A) Representative topography (top) and stiffness (bottom) images of unconfined (left) and
confined (right) platelets. (B) Comparison between median platelet volume V (left) and median platelet stiffness E (right) of unconfined (green) and
confined platelets (grey). (C) Stiffness vs. volume data for unconfined (green) and confined (grey) platelets with the prediction of the inverse correlation
(red line) from egn (2) (from Fig. 3B, using Vo = 10.4 fL for unconfined platelets). Number of platelets: n (unconfined) = 151, n (confined) = 251 from 3

different donors in 4 independent experiments.

(P = 1.3 x 107°) lower stiffness E (Fig. 5B, right) of confined
platelets compared to unconfined platelets. This indicates that
volume V and stiffness E of unconfined and confined platelets
are again consistent with the inverse correlation (Fig. 5C) from
osmotic compression/expansion (Fig. 5C, blue curve, from Fig. 3B,
inset).

An inverse correlation between volume and stiffness for dif-
ferent spatial confinement was also found for other cell types.'®
Spatially confined platelets, which have only rarely been investi-
gated so far, offer a deeper understanding of platelet morphology
in different shapes, environments, and situations.

Conclusion

We investigated the relation of volume and stiffness of single,
adhered human platelets using SICM with submicrometer spatial
resolution (Fig. 1). As a non-contact technique, SICM is beneficial
in comparison to other nanoindentation techniques such as
atomic force microscopy (AFM), which are often challenging due
to the risk of unwanted platelet activation by direct mechanical
contact.®® Mechanical activation would not only alter the mechan-
ical properties of the platelets, but is also associated with a
reduction in their viability due to activation-induced morphological
and functional changes.®® Platelet activation during the washing,
preparation, or adhesion might also influence platelet function.”
However, as adherent cells are generally required for both AFM and
SICM, other techniques such as micropipette aspiration or real-
time deformability cytometry would be needed to investigate the
osmotic behavior of non-adherent platelets.*®

By osmotic expansion/compression, we measured volume
and stiffness of individual platelets (Fig. 1B and C). We demon-
strated that platelets exhibit both short-term (within ~1 minute)
and long-term (within ~2-5 minutes, during volume regulation)
changes in volume and stiffness after osmotic expansion/com-
pression (Fig. 2). On both short- and long-term time scales, with
decreasing (increasing) osmolarity of the surrounding medium,
the platelets showed a volume increase (decrease), with a decrease
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(increase) in platelet stiffness (Fig. 3A). Therefore, we measured
platelets at several different osmolarities and found an inverse
correlation between volume and stiffness during osmotic expan-
sion/compression (Fig. 3B). A similar correlation was previously
found for different eukaryotic cells*> and for fibroblasts (Fig. S5).
While, to our knowledge, only osmotic compression has been
investigated in the literature,'*'® we here show that platelets and
fibroblasts exhibit the same respective inverse volume-stiffness
correlation for both osmotic expansion and compression, under-
lining the importance of this relationship.

Furthermore, cytoD-treated platelets under osmotic com-
pression/expansion were shown to exhibit a similar stiffness
vs. volume correlation as untreated platelets (Fig. S6 and S7).
As expected, the effect of actin depolymerization by cytoD
showed a significant decrease in platelet stiffness, as SICM is
known to probe the platelet cytoskeleton.'> However, the
inverse stiffness vs. volume correlation curve was slightly
shifted downwards compared to the correlation curve without
cytoD treatment, showing that the actin cytoskeleton contributes to
platelet stiffness in addition to the osmotic compression/expan-
sion. Nevertheless, the interpretation of the observed inverse
stiffness vs. volume correlation and its physical origin and the
influence of the cell cortex are still not entirely clear.'” As the cell
cytoskeleton is too weak to withstand osmotic pressure, the cell
probably “feels” the osmotic shock via the change in cortex
tension”" and then responds due to the contractile tension by
active water transport, for example, via ion channels, and thereby
alter the molecular crowding in the cytoplasm.'*"'>"® The molecular
crowding also influences cell viscoelasticity,”* which is also probed
by SICM.” An additional contribution on cell stiffness might result
from cell membrane folding and tension, which were found to be
also affected by cell osmosis.”*”®

We then investigated two further physiologically relevant
processes: spreading platelets and spatially confined platelets.
Platelets are unique as they undergo a programmed shape
change (from spherical to spread out) when they adhere to a
substrate. As was previously known for other cells,'®> we showed
that platelet spreading is accompanied with a decrease in

This journal is © The Royal Society of Chemistry 2025
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volume and an increase in stiffness (Fig. 4A), thereby effectively
“moving up” on the inverse stiffness vs. volume correlation
(Fig. 4C). Spatially confined platelets have rarely been investigated
so far. Here, we determined the influence of confinement on
platelet morphology and stiffness with the aid of microcontact
printing (Fig. 5A). Line-confined platelets were significantly larger
in volume and significantly smaller in stiffness compared to
unconfined platelets (Fig. 5B), consistent with the observed
inverse volume-stiffness relationship (Fig. 5C). In conclusion,
platelets appear to follow the inverse stiffness vs. volume correla-
tion also in physiologically relevant situations.

Interestingly, platelet stiffness does not appear to be corre-
lated with the (initial) absolute volume in spread platelets
(Fig. S2A) or with the spreading area (Fig. S2B). While the
reason for this is unclear, a possible explanation could be that,
during adhesion, platelets spread and thereby stiffen (see
Fig. 4) until they reach a possibly predefined stiffness, which
might be related to molecular crowding, biomolecular conden-
sates, or membrane folding or tension in the platelet.”>”®

To summarize this work, we used SICM to determine the
correlation between platelet volume and stiffness during osmotic
compression/expansion, during platelet spreading, as well as
under spatial confinement. By finding this general correlation
between platelet volume and stiffness, we might provide new
insights into how platelets maintain their structural integrity’”
and respond to their environment,***”® which is fundamental to
numerous biological processes.”® As volumetric compression is a
ubiquitous phenomenon in the human body, for example, during
development, movement, digestion, and tumorigenesis but also
injury,”® our findings also provide insights into the mechanical
properties of platelets and their potential role in various physio-
logical and pathological processes.*'** The consistency of this
correlation across different experimental conditions underscores
its fundamental nature for platelets, similar as for many other cell
types.”® One important implication is that platelet volume and
stiffness are not independent of each other, hence in situations
where the platelet volume changes, the platelet stiffness also
changes.” Future research could explore the impact of this
volume-stiffness relationship on platelet function in thrombosis
and hemostasis,*® how alterations in this correlation contribute to
platelet-related disorders,®! the potential use of platelet mechan-
ical properties as biomarkers for cardiovascular diseases,®” and
the development of novel therapeutic approaches targeting plate-
let mechanics.®® Understanding these interactions in platelets
not only enriches our comprehension of platelet biomechanics
but also opens up new ways for diagnostic and therapeutic
strategies to manage conditions where platelet function is
impaired.
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